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ABSTRACT 
 
Standardized sampling methods for assessing the community structure and health of stream 
fisheries, freshwater mussels, and insects have been used for several decades. However, such 
methods are woefully lacking for crayfish. The research of this project involved evaluation of 
several methods for assessing crayfish populations. 
 
The first study (Chapter 2) aims to create standardized, robust sampling methods for assessing 
stream-dwelling crayfish assemblages and densities in riffle habitats at individual sites located 
in Missouri. Timed search sampling was used to capture all species present and assess crayfish 
relative abundance for each site, and quantitative kick seining was used to assess crayfish mean 
density (number per m2) in riffle habitats. Number of samples required for species richness 
estimation was analyzed by a resampling our timed search data (without replacement) to 
illustrate species accumulation at a site scale. Number of samples required for crayfish mean 
density estimation (relative to the crayfish mean population density) in riffle habitats was 
assessed by applying a standard deviation-based method to our sample pool from each site. By 
varying combinations of statistical rigor (percentage of species captured and confidence level), 
researchers can assess the advantages and disadvantages of alternative sampling effort 
scenarios. Crayfish burrow excavation was successful at capturing additional species not 
captured with other methods. Substrate size had a direct effect on crayfish mean density, while 
current velocity, water depth, and substrate size had significant effects on the mean density of 
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one or more of the captured species. Site average current velocity had a positive effect and 
vegetation presence at a site had a negative effect on crayfish relative abundance.   
 
The second study (Chapter 3) focuses on defining tools for investigating crayfish population 
status and species distribution. Proper assessment of aquatic organisms requires standardized 
site selection and sampling methods over a broad geographic scale to examine communities 
beyond what is present at a single locality. This part of the study utilizes sampling methods for 
assessing crayfish species richness at the site scale, and through species accumulation analysis, 
determines the value of stream length (km) and area that one site adequately represents (e.g., 
for 100% of species richness captured, one site = 19 km of stream or 6281 ha of drainage area) 
in a drainage for adequate crayfish population and species distribution assessment. Our data 
suggest statistical balance can be made on the density of sites sampled in any given drainage to 
more efficiently utilize time and resources, representing a tradeoff between likelihood of 
capturing all species richness in a drainage and number of sites required to be sampled. Habitat 
variables were analyzed for potential relationships to crayfish relative abundances. Stream 
width and stream order were negatively correlated with crayfish relative abundance, whereas 
substrate size and channel unit (a single quantified description of riffle, run, and pool habitat 
types at a site, positively influenced by riffle habitats) were positively related with relative 
abundance. Habitat variables had significant, but varying effects on species-specific relative 
abundances at sites. 
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We utilized and compared two different sampling methods to capture primary burrow-dwelling 
crayfishes in Chapter 4. Hook-and-line capture success was substantially lower than reported in 
another study (0.7% versus 80%); excavation of burrows was successful in capturing occupants 
64% of the time, and higher than reported in a similar study (40.7%), and captured six different 
crayfish species in burrows. To add robustness to our study design, we introduced a broadened 
spatial component by sampling four randomly selected sites per county in six counties. 
Burrowing crayfish were caught at 13 of 24 randomly selected sites; crayfish were also collected 
at seven additional non-random sites, added to boost datasets so we could test the effect of 
temperature and Julian date on crayfish capture, and to compare capture techniques. Out of 31 
total sites, three sites required effort beyond the first 15-minute search to find burrows that 
yielded additional species. Standing water was also sampled using lentic timed search methods 
at these 31 sites. Additional timed search sampling beyond the first 15-minute sample was 
required to collect additional species in that habitat at nine of the 31 sites. Julian date was 
positively correlated to number of active crayfish burrows found. Crayfish capture in standing 
water was positively correlated with soil temperature, but was negatively correlated with Julian 
date.  
 
Overall, we were able to detail sampling methods and effort amounts required to adequately 
assess crayfish communities across their wide ranging ecologies. This study is the first to 
address statistical rigor in terms of percentage of crayfish species richness captured and 
confidence levels, and relate these values to an amount of effort expended. Environmental 
variables studied can provide future insight to address crayfish habitat needs and detection 
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possibilities, while proving that habitat variables need to be accounted for when comparing 
different sites or investigating reasons of temporal change of crayfish communities.   
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CHAPTER 1: GENERAL INTRODUCTION 
 
The general importance of crayfish to aquatic ecosystems has been well noted in prior studies. 
Crayfish account for up to half of the invertebrate biomass and production in some streams 
(Rabeni 1992, Rabeni et al. 1995), and perform many ecosystem functions (Momot et al. 1978, 
Rabeni et al. 1995, Parkyn et al. 1997). Predation on crayfish accounts for a transfer of energy 
to higher trophic levels in terrestrial and aquatic ecosystems in North America, with over 200 
species known to consume crayfishes (DiStefano 2005b). They also can reduce sediments on 
stream substrates (Statzner et al. 2003, Creed and Reed 2004, Helms and Creed 2005). Other 
aquatic organisms can benefit from crayfish habitat structures, as the interstitial spaces in 
bottom substrates (Stein and Magnuson 1976, Rahel and Stein 1988) and burrows they clear 
provide opportunity for predation relief (Thoma and Armitage 2008). From a species 
conservation perspective, Taylor et al. (2007) documented 363 native crayfish species in the 
United States and Canada, with 68 classified as endangered, 52 as threatened, and 54 as 
vulnerable, amounting to 48% of the region’s fauna needing conservation recognition.  
Mittermeier et al. (2010) and NatureServe (2012) list crayfish as the third-most imperiled faunal 
group in North America, behind freshwater mussels and snails. 
 
While completing fieldwork for this thesis, several members of the general public would ask the 
fundamental question of “Why study crayfish?” This is a valid question where many biological 
investigations begin. Interest in sampling various aquatic groups has come about for various 
reasons, but a notable reason is to measure aquatic ecosystem health using indicator 
organisms, which are sensitive to chemical and physical degradation of habitats (Hart and Fuller 
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1974, Hilsenhoff 1982, Karr et al. 1986, Barbour et al. 1999). Hence, identifying and sampling 
these organisms became important in aquatic ecology. Indices such as the Hilsenhoff’s Biotic 
Index (Hilsenhoff 1982) for aquatic insects, and Index of Biotic Integrity (Karr et al. 1986) for fish 
were developed. The United States (US) Environmental Protection Agency (EPA) has developed 
a standardized sampling protocol for general invertebrate fauna (Barbour et al. 1999). 
However, none of these sampling methods are designed specifically for crayfishes. More 
recently, a study by Allert et al. (2012) indicated lower crayfish densities associated with 
increased heavy metals contamination, but this study does not test standardized sampling 
methods. Returning to the question of “Why study crayfish?” one can surmise that this group of 
organisms should receive due attention for the reasons of ecosystem importance and species 
conservation, in a time when aquatic ecosystems are widely disrupted, and many species are 
imperiled. This project addresses the void in the literature, developing a standardized sampling 
scheme to assess crayfish populations, both quantitatively and in terms of community 
structure. Litvan et al. (2010) cited a quote by Johnson and Neilsen (1983) that gives credence 
to a project like this: “Before initiating sampling efforts to assess a fishery, investigators must 
design an appropriate sampling plan that considers spatial and temporal distribution of 
samples, methods, gears, data collection, management strategies, and logistical 
considerations.”  
 
There have been numerous studies examining gear types for studying crayfish populations 
(Rabeni et al. 1997, Price and Welsh 2009, Williams et al. in press). However, no one has 
developed or tested a rigorous method that can be standardized for use in assessing these 
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populations, especially at the regional or statewide scales that may encompass varying habitat 
types and species assemblages. Missouri presents an ideal environment to complete such a 
project, with three defined faunal regions: Ozark Highlands, Mississippi Embayment Lowland, 
and Prairie (Sowa et al. 2007). Taylor et al. (2007) lists 35 known crayfish species from Missouri. 
Of these 35 species, 18 species are listed as “species of conservation concern” (Missouri Natural 
Heritage Program 2014). Crayfish in each faunal region have distributions that are unique and 
have adapted to the environmental conditions of that faunal region. For this project, two major 
ecotypes were defined and studied: wadeable streams, and primary burrowing crayfish habitat. 
All epigean crayfish species listed in Pflieger (1996) are likely found in one or both of these 
ecotypes. Other authors have conducted relevant studies in each ecotype; some studies 
present a direct comparison or evaluation of gear types in a habitat, while others work to 
quantify crayfish populations through density estimates or catch-per-unit-effort estimates. This 
project elaborates and expands on previous efforts to create assessment tools, and serves as a 
starting point to build essential tools for assessing crayfish populations.  
 
This body of this thesis is split into three separate chapters. Chapter 2 focuses on methods and 
effort needed to assess stream-dwelling crayfish populations at a site scale. Habitat 
measurements were analyzed with respect to crayfish mean density and species relative 
abundance (number captured during timed search, but not associated with a unit of area). 
Recommendations of sampling efforts to assess a site (Chapter 2) were used in Chapter 3 to 
determine the number of sampling sites required for crayfish population assessment at a 
drainage scale. Chapter 4 evaluates methods to assess burrowing crayfish populations.   
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CHAPTER 2: DEVELOPMENT OF STREAM-DWELLING CRAYFISH SAMPLING 
METHODS AND INVESTIGATION OF HABITAT EFFECTS ON CRAYFISH 
COMMUNITIES AT THE SITE SCALE 
Abstract 
Methods for assessing the community structure and health of stream fisheries, freshwater 
mussels, and insects have been used for several decades. However, such methods are woefully 
lacking for assessing crayfishes. This study aims to create standardized, robust sampling 
methods for assessing stream-dwelling crayfish species richness and riffle habitat-dwelling 
mean crayfish densities at individual sites located in Missouri. Timed search sampling was used 
to capture all known species (species richness) and assess crayfish relative abundance for each 
site, and quantitative kick seining was used to assess crayfish mean density (per m2) in riffle 
habitats with sampling effort and sample sizes we thought would oversample sites. The number 
of samples required to estimate species richness was analyzed by resampling our timed search 
data (without replacement) to illustrate species accumulation at a site scale. The number of 
samples required to estimate crayfish mean density (relative to the crayfish mean population 
density) in riffle habitats was assessed by applying a standard deviation-based method to our 
sample pool from each site. Crayfish burrow excavation was successful at capturing additional 
species not captured with other methods. Substrate size had a direct effect on crayfish mean 
density, while current velocity, water depth, and substrate size had significant effects on the 
density of one or more of the captured species. Average current velocity at a site had a positive 
effect and vegetation presence at a site had a negative effect on crayfish relative abundance. 
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This study provides a platform for natural resource managers to balance statistical rigor 
(percentage of species richness captured, accuracy relative to the population mean density, 
and/or confidence level) with time or funding availability for assessing crayfish populations. 
Habitat variable effects modeled here are useful when addressing crayfish habitat needs, 
attempting to complete detection probability analyses, and to compare crayfish populations 
across sites, drainages, or time. 
 
Introduction 
Crayfish are important for aquatic ecosystem health, as up to half of the invertebrate biomass 
and production in some streams is accounted for by these organisms (Rabeni 1992, Rabeni et 
al. 1995). There are 363 documented species within the United States and Canada, with 68 
listed as endangered, 52 as threatened, and 54 as vulnerable (Taylor et al. 2007), amounting to 
48% of crayfish species having imperiled status. High degrees of endemism, limited ranges, and 
aquatic ecosystem impairment are problems for many crayfish species (Taylor et al. 2007). 
Thus, crayfish are important members of aquatic ecosystems, and deserve thorough study.  
 
Despite the importance of crayfish to aquatic ecosystems and their precarious conservation 
status, standardized sampling methods for sampling crayfish populations are lacking. Many 
other aquatic taxonomic groups have had established sampling methods or indices for decades, 
including insects (Hilsenhoff 1982, Kerans et al. 1992, Barbour et al. 1999) and fish (Karr et al. 
1986, Reynolds et al. 2003). More recently, sampling protocols for freshwater mussels have 
been developed (Piette 2005, Huang et al. 2011). Some of these protocols include selecting 
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gear type(s) and fixed sampling efforts for those gear types. Some have also been accepted for 
use by regulatory agencies at the state and federal levels (Piette 2005, Karr et al. 1986, Barbour 
et al. 1999). 
 
Prior research has revealed strengths and weaknesses of various gear types and their ability to 
estimate crayfish community structure. Some studies have compared the effectiveness of 
varying gear types for sampling crayfishes (Rabeni et al. 1997, Price and Welch 2009), but these 
studies have not evaluated their results to true population parameters (species richness, 
relative abundance, or mean density). DiStefano (1993) provided a comprehensive literature 
review of crayfish trapping, electrofishing, hand collecting, seining, and quadrat sampling. 
DiStefano (1993) reported crayfish trapping was size and sex biased, and more recent studies 
have agreed with this assessment (Rabeni et al. 1997, Price and Welch 2009). Dip netting has 
been reported to be size biased (Rabeni et al. 1997), and not as effective as other gears for 
capturing high numbers of crayfish (Price and Welch 2009). Electrofishing has been reported to 
be effective at capturing a high number of individuals from a variety of habitats with minimal 
size selectivity (DiStefano 1993, Rabeni et al. 1997, Price and Welch 2009). However, this gear 
may cause chelae loss or be ineffective in thick cover (Westman et al. 1978), and be too 
expensive, or too large and cumbersome to do extensive crayfish surveys when other gears are 
available. Rabeni (1985) described a quadrat sampling gear, composed of 1 m2 metal frame, 
supported by four metal legs, 0.4 m long, with fine minnow seine with a lead line on the bottom 
covering the front and sizes of the sampler, and the downstream end with a tapered bag 0.5 m 
long, and tested the gear’s ability to measure crayfish density. DiStefano (1993) reports that the 
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quadrat sampler of Rabeni (1985) may be used to estimate crayfish densities, however, this 
gear is somewhat large and cumbersome to do extensive crayfish surveys across multiple 
habitat types. Rabeni et al. (1997) reported the quadrat sampler having a bias of capturing 
smaller individuals. Price and Welch (2009) reported seining as the next best method behind 
electrofishing for capturing the highest size and species diversity of crayfish. 
 
Much of the crayfish literature focuses on measuring crayfish mean density as a measure of the 
community (Roell and Orth 1992, Mather and Stein 1993, DiStefano 2000, DiStefano et al. 
2003a, b, Flinders and Magoulick 2003, 2005, Larson et al. 2008, Williams et al. in press). Roell 
and Orth (1992), Mather and Stein (1993), and Flinders and Magoulick (2003) and (2005) 
employed methods to assess crayfish mean density, but did not thoroughly evaluate the 
methods for accuracy or precision with regards to the crayfish population mean density. 
DiStefano (2000) and Larson et al. (2008) found a 1 m2 quadrat sampler (Rabeni 1985) to be an 
effective gear for sampling crayfish mean densities, as long as habitat variance is considered in 
the study design. The quadrat samplers weakness is that it is extremely labor intensive per 
results (Williams et al. in press), allowing only 6 – 12 samples to be collected per day (DiStefano 
2000). We desired a method that is less time consuming in order to procure a larger sampling 
pool. Williams et al. (in press) compared the 1 m2 quadrat sampler, and the 1 m2 quantitative 
kick seine, and found no significant difference between the gears. However, the 1 m2 
quantitative kick seine requires much less time and gear to assess crayfish mean densities 
(Williams et al. in press).  
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We decided to use a timed search method for assessing crayfish species richness found at a 
site, similar to Huang et al. (2011) for assessing freshwater mussels, in order to be adaptable to 
heterogeneous habitats that may influence crayfish community structure (DiStefano 2000, 
DiStefano 2003a, b, Flinders and Magoulick 2003, 2005, 2007). Research has found the seine to 
be an effective gear for capturing unbiased sizes, relatively high numbers, and high diversity, 
where the seine proved more effective than other gear types (traps, dip netting) (Price and 
Welsh 2009), and is much easier for researcher in the field to use than electrofishing. Thus, we 
chose to use the seine as our gear in our timed search sampling.  
 
We decided to use the 1 m2 quantitative kick seine for assessing crayfish mean density, as it is 
less time consuming and resource intensive than the 1 m2 quadrat sampler (Williams et al. in 
press). We employed crayfish density sampling using the 1 m2 quantitative kick seine only in 
riffle habitats due to differences in crayfish community structure in prior studies (DiStefano 
2000, DiStefano 2003a, b, Flinders and Magoulick 2003, 2005, 2007). 
 
Burrowing crayfish communities are difficult to assess, as these species spend most of their 
lives underground (Hobbs 1981), with only seasonal emergence (Taylor and Schuster 2004). We 
compared burrow excavation (Ridge et al. 2008) in riparian areas (near margin of wetted area 
of stream; Armantrout 1998) at our sites with the crayfish species list captured in timed search 
sampling for added species detectability. 
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The state of Missouri served as a model environment with which to conduct our study, with 
three different faunal regions of crayfish diversity and endemism (Pflieger 1996): the Ozark 
Highlands, Prairie, and Mississippi Embayment Lowland (Sowa et al. 2007). To adequately 
determine if our sampling methods were rigorous enough to be applicable in other drainages, 
we tested them in a drainage that would present the most difficult challenge with respect to 
species detection. Thus, we selected a drainage with the highest species richness within the 
state, and assumed a high number of species would be more difficult and time-intensive to 
adequately assess (Pflieger 1996). The Big River drainage (220,150 ha; Jefferson, Washington, 
St. Francois, and Iron Counties, Missouri; Fig. 1), has eight known crayfish species (Pflieger 
1996). Eight species is an exceptional level of crayfish diversity for a drainage of this size and 
comparable to drainages elsewhere in the US with high crayfish diversity (Hobbs 1989). Species 
composition known from the Big River drainage include Orconectes luteus, O. hylas, O. 
punctimanus, O. harrisoni, O. medius, O. virilis, Cambarus maculatus, and C. diogenes. 
 
Our primary objective in this study were to determine the amount of sampling effort required 
to accurately assess crayfish species richness and relative abundance, and to estimate crayfish 
mean densities in riffle habitats at a stream site using our selected sampling methods. A second 
objective was to conduct a repeatability comparison (replicate visit) across all of our sites to 
observe if any additional species were captured, or differences in crayfish mean density 
estimates would result. Our third objective was to document habitat variables and relate them 
to crayfish density and relative abundance samples to observe if any had effects on the 
community. 
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Methods 
Defining a site 
Twelve sites were selected within the Big River drainage (Fig 1). Site locality information is 
presented in Appendix A. Pflieger (1996) served as a guide of individual species distributions 
throughout the drainage so sites could be distributed for high probability of capturing all 
species known in the drainage. Once regions of high crayfish species richness were identified, 
areas surrounding road-stream crossings were examined for relatively high habitat diversity in 
terms of physical habitat (woody debris, vegetation, large rocks) and channel unit habitat (riffle, 
run, pool; Armantrout 1998). Only second, third, and fourth order (Strahler 1957) streams were 
used and defined as wadeable streams. First order streams were often found to be dry, and 
fifth order streams in our drainage (e.g., Big River mainstem) were not wadeable, and thus 
discarded. Road-stream crossings (including low-water crossings) functioned as the upstream or 
downstream boundary of a site. A wetted stream width measurement was taken somewhere 
within the designated site at a point where the measurement would be deemed ‘typical’ of the 
stream (i.e., not within a large pool or small riffle, and not influenced by human induced, 
localized stream changes), and multiplied by 20 to calculate site length (Barbour et al. 1999) to 
allow site size flexibility for stream size. Sites were sampled, and then resampled within a two-
week period for a sampling repeatability comparison for species richness and crayfish mean 
density. All sampling was completed May through July, 2012.  
 
Assessing crayfish community composition 
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We assessed crayfish species richness at a site using a timed search sampling method. We 
defined a sample as one 15-minute unit of timed search sampling by three individuals. If no 
additional species were captured after three consecutive sampling units (45-minutes) for any 
respective site visit, we deemed that we had fully sampled the community. Example: if all 
species were captured during the first timed search sample, that site visit would have four 
timed search samples. Effort across site visits ranged between 4 – 10 timed search samples (60 
– 150 minutes), with a combined effort for each site (2 site visits) ranging between 9 - 16 timed 
search samples. For our timed search sampling, we used a 3 m long X 1.5 m high, 3 mm mesh 
seine. Crayfish were captured by disturbing substrate and washing or kicking dislodged 
specimens into the net. Sampling began at the downstream boundary of the site and 
proceeded upstream, making a concerted effort to sample as much stream channel unit habitat 
diversity and physical habitat structure. All captured crayfish specimens were placed in a bucket 
during the search. At the conclusion of each 15-minute sample, specimens were identified to 
species and counted. All crayfish were held in a separate container until the site visit’s sampling 
concluded to prevent recapture. Timed search sampling was standard across all sites, thus 
catch-per-unit-effort (CPUE) was calculated from the sum of the total catch (relative 
abundance) divided by the number of 15-minute samples conducted at a site to obtain CPUE 
values. 
 
Assessing crayfish mean density 
We picked a sample size that we were confident would constitute oversampling of populations 
based on field experience of the authors and likely represent a higher sampling size than could 
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be employed by natural resource agencies to monitor crayfish populations. We thus chose to 
complete fifteen 1 m2 quantitative kick seine samples per visit (15 X 2 visits = 30 for each site). 
 
All riffle habitat units within the site were mapped. Crayfish mean density sampling was 
conducted only within riffle habitats to attempt to minimize sample variation caused by 
channel unit habitat differences (DiStefano 2000, DiStefano et al. 2003b), thus limiting results 
to riffle habitats only. The fifteen 1 m2 kick seine samples were allocated proportionately 
among all riffle habitat units based upon their size.  Random number tables (numbers 01-99) 
were used to identify sample locations within riffles, where the first number of the two-digit 
random number corresponded to walking paces measured longitudinally upstream from the 
downstream end of the riffle, and the second number of the two-digit random number 
corresponded to the number of paces laterally across the stream. We followed a quantitative 
kick seining technique using a 1 m2 PVC frame as described in other studies (Imhoff et al. 2011, 
Allert et al. 2012). Once the PVC frame was randomly placed, a seine (1.5 m long X 1.25 m high, 
3 mm mesh) was placed immediately downstream of the frame, with the lead line further 
weighted with rocks to fully adhere it to the substrate to prevent crayfish escape. The 
procedure involved two people, with one holding the net in an upright position, but at an angle 
to permit a bag to form in the seine. The second person was responsible for disturbing (kicking) 
or removing the substrate by hand within the 1 m2 frame, to an approximate depth of 10 cm 
(DiStefano 2000, DiStefano et al. 2003b, Larson et al. 2008, Williams et al. in press). Crayfish 
were dislodged and washed into the net by the current or kicker. Once the substrate had been 
adequately disturbed, the kicker and holder swept the net up, and placed it on shore to sort 
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and record catch composition. Sampling proceeded in a downstream to upstream fashion. All 
sites had enough riffle habitats so that our resampling visit did not resample identical 1 m2 
areas.  
 
Assessing burrowing crayfish community 
A full walking pass along both sides of the stream was devoted to search for active crayfish 
burrows within the high water mark of the channel. A burrow was considered active if it had 
relatively fresh mud near the entrance, a chimney, or was clear of debris and any spider webs 
(Simon 2004). The total number of active burrows per site was recorded, and three active 
burrows were chosen randomly and excavated to capture occupants. If there were three or less 
burrows at a site, all active burrows were excavated. Burrow excavation was the chosen 
method because of its demonstrated consistent crayfish capture ability relative to other known 
methods (e.g., Norrocky traps, mist net traps, etc.) (Ridge et al. 2008). Time limitations (5 - 30 
minutes per burrow excavation) and the destructive nature of excavating the crayfish burrows 
prevented a larger sample size. Because of the destructive nature of this sampling method, 
burrowing crayfishes were sampled only during one of the visits to each site.  
 
Measuring habitat variables 
Habitat variables were recorded at each 1 m2 kick seine sample location, and included water 
depth, current velocity, and substrate size diameter. Water depth and current velocity were 
recorded with a Hach FH950 flow meter, and were recorded in the center of the quantitative 
kick frame before crayfish sampling began. Current velocity was recorded at 0.4 times the 
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water depth (Gore 1996).  Substrate size was estimated with a substrate cross (Litvan et al. 
2010) randomly placed inside the kick frame prior to crayfish sampling, and was quantified 
using a modified Wentworth scale (Bovee and Milhous 1978). Substrate size classes were 
defined as 1 = sand/silt, 1.5 = bedrock, 2 = gravel, 3 = pebble, 4 = cobble, and 5 = boulder 
(Litvan et al. 2010). For analysis purposes, the five measured substrate size values obtained 
with each sample were averaged to a mean value per sample. 
 
In addition to habitat correlations with crayfish mean density, we also wanted to relate single, 
quantified site habitat values to crayfish relative abundance. This included variables of 
substrate size, water depth, current velocity, stream width, vegetation presence, shading, 
channel unit habitat type, and stream order. Habitat variables were assessed using a transect 
method (11 equidistant transects across the entire site length). Substrate size, water depth and 
current velocity were measured as previously described, with four separate equidistant 
readings across each transect (yielding 20 substrate, four water depth, and four current velocity 
values per transect). These values were averaged across the site to give one quantified value of 
the site. Stream wetted width was measured along each transect, and averaged across all 
transects to yield a single site value. Vegetation presence or absence was recorded binomially 
(present = 1, absent = 0), and was defined as live emergent or submergent vegetation including 
grasses, sedges, and water willow (Justicia sp). If any transect had a positive vegetation 
presence value, vegetation was given a “1” value for that site. Shading was calculated using a 
Suunto Tandem 360PC/360R/D Compass Clinometer, measuring degrees of inclination to the 
top of the canopy on each side of the stream while standing at the center of the stream at each 
 15 
 
transect. Degrees were later converted into a percent shaded value, where full canopy cover 
was assigned a 100% value. Individual trasect percent shaded values were averaged to create a 
site mean shading value. Channel unit habitat type was determined visually at each transect 
(one value per transect), and was visually assessed and scored as 3 = riffle, 2 = run, 1 = pool, 
following definitions in Armantrout (1998). Channel unit was reduced to a single value per site 
(11 transects = 11 scores) by adding all 11 scores, where higher scores indicated higher 
proportions of riffle or run habitats. Stream order was derived from attribute tables in ArcMap 
for each site using a Valley Segment Type shapefile described in Sowa et al. (2007). 
 
Statistical analyses 
The sampling effort required to accurately estimate the crayfish species richness at a site was 
calculated using the Chao-1 method (Chao 1984), used in EstimateS 8.2.0 (Colwell 2009). 
Individual site data, including catch composition and number of each species in each sample, 
were randomly reordered and resampled 100 times in the program, where each sample at a 
site is given a Sest value (average species estimated to have been captured in a sample or prior 
samples during the 100 resampling events). EstimateS also calculates a standard deviation for 
the Sest and 95% upper and lower confidence bounds. Sites were processed independently, and 
all resulting data were transferred to a spreadsheet for further analysis. Sest data were used to 
look at species accumulation at each site. With this data, we could examine the effectiveness of 
increasing timed search sampling effort relative to capturing the percentage of species richness 
predicted to occur at a site and confidence levels (CL) (confidence of each sample’s ability to 
capture the observed estimate of species richness).  
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Crayfish mean density measurements were used to estimate the crayfish population mean 
density (PMD). The sample size to estimate the PMD at a site was calculated using the formula 
n=(z2s2)/k2, which does not require knowing the PMD, but relies on the sample pool standard 
deviation of each site. The variable n represents the number of samples required to fit the 
desired statistical parameters, z the standard deviate calculated using the z-score for a desired 
CL, s the standard deviation of the sample pool, and k the acceptable percentage of accuracy to 
the PMD (Hayek and Buzas 2010). To calculate k, you must multiply the accuracy desired by the 
sample mean. In this case, we define accuracy to the PMD as the amount of bias the estimated 
mean density value has in regards to a proportion of the PMD. Values of accuracy reflect a 
percentage of the PMD, where a smaller percentage will result in estimated mean density 
values being more precise. For an example: a crayfish population was measured with an 
estimated mean density of 12 crayfish per m2, with a standard deviation (s) of 9.5. A 
management plan desires a 90% CL (2-tailed z score = 1.645), and a 25% accuracy relative to the 
PMD (estimate will be within 25% of the PMD value). The value of k (0.25 * 12) is 3. To 
accurately measure this population, 90.25 (rounded up = 90) quantitative kick seine samples 
will be required.  
 
For the results of this study to be applicable to future studies, the number of samples required 
for adequate assessment for both species richness and crayfish mean density sampling will be 
the highest required sample size to assess any given site in this study. Sample sizes required to 
assess any given site will differ because of site-specific variability (community differences). Site 
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values can be compared in tables to evaluate desired rigor with available sampling resources. 
The resulting highest required sampling size should be effective across all sites, and will 
standardize the effort for future use. 
 
Capture rates of burrow excavations (number of excavations where an occupant is captured 
divided by number of excavated burrows) were calculated into a capture percentage by dividing 
the number of successful capture attempts with the total number of burrows excavated. We 
also compared the burrow excavation results with the timed search sampling for the ability to 
capture species not recorded by the other method.  
 
We examined both crayfish species richness and crayfish mean density to compare the replicate 
visits at each site. Ninety-five percent CL’s were calculated for crayfish mean density estimates 
at all sites, and list of species captured at each site were both examined for differences 
between site visits. 
 
Modeling of habitat relationships were performed with SAS 9.3 (SAS Institute, Cary, North 
Carolina). We used generalized linear mixed models (PROC GLIMMIX) to describe relationships 
between crayfish relative abundance and crayfish mean density and the habitat variables. 
Crayfish relative abundance and density samples are count data, thus treated as a Poisson 
distribution. Habitat variables were not normally distributed, thus transformed with a log link in 
the model. Generalized linear mixed models use sites as fixed effects, with habitat results on 
the crayfish community as random effects. Relative abundance was modeled with the single, 
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quantified site habitat values. Relative abundance was transformed to a CPUE value because of 
unequal sample size across sites. Crayfish mean density was modeled with individual habitat 
values measured at each kick seine sample. PROC CORR was used to determine if any habitat 
variables were correlated. For variables that had high correlation (r > 0.55; P ≤ 0.05), Principle 
Components Analysis (PCA) values were calculated in PROC FACTOR to yield a representative 
composite environmental gradient. In addition to crayfish relative abundance and mean density 
habitat correlations, we also tested for crayfish species-specific mean density habitat 
correlations. All models were considered significant at α ≤ 0.05. 
 
Specimen voucher 
Voucher specimens of all species captured at all sites were preserved in 70% ethyl alcohol after 
sampling was completed, and were deposited in the Illinois Natural History Survey Crustacean 
Collection.  
 
Results 
Orconectes luteus, O. hylas, O. punctimanus, O. harrisoni, O. medius, and C. maculatus were 
collected in both the quantitative kick seine sampling and the timed search sampling. Timed 
search sampling also detected C. diogenes and O. virilis (Table 1). Orconectes luteus, O. hylas, O. 
punctimanus, and O. medius were relatively common at all sites at which they were found 
(Table 1). All species were found at > 1 site except for O. virilis, which is believed to be an 
introduced species in the drainage (Pflieger 1996) (Table 1). Chao-1 species richness estimates 
equaled number of species observed across all sites. 
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Assessing crayfish community composition 
Required sampling effort is reported in a table format. Appendix B compares all sites, reporting 
the effect of varying levels of percentage of species richness captured and CL. Table 2 sums this 
information into a single table, comparing the number of samples required for adequate 
species richness assessment across all sites (highest effort required per any site is displayed). 
Columns in Table 2 refer to levels of percentage of the species richness captured, while rows 
refer to CL that the sampling effort assesses. Thirteen timed search sampling units adequately 
assesses 100% of the species richness across all sites at a 97.5% CL, and five timed search 
sampling units accurately captured 75% of the species richness at an 80% CL (Table 2). Chao-1 
estimates (species richness estimated per site) were equal to species observed across all sites.  
 
Assessing crayfish mean density 
The sampling efforts required for two levels of accuracy relative to the PMD (25% and 50%) of 
individual crayfish species and total crayfish density at three confidence levels (70%, 80%, 90%) 
at our 12 sampling sites are reported in Tables 3 and 4, and Figs. 2 and 3. Overall, sampling 
effort required to estimate crayfish mean density is lower when statistical criteria (accuracy and 
CL) with regard to PMD are less rigorous. Tables 3 and 4 are different in that Table 3 focuses on 
the number of quantitative kick seine samples needed to estimate crayfish mean density at all 
sites, while Table 4 focuses on how many quantitative kick seine samples are required to 
estimate species-specific densities that we captured across all sites. Estimating higher accuracy 
(± 25% relative to the PMD vs. ± 50% relative to the PMD) of the crayfish mean density 
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generally required 4-times as many more quantitative kick seine samples respective to the 
same CL, and higher CL (70% vs. 90%) generally required about 2.5-times the numbers of 
samples at any site (Table 3). Effort to measure crayfish mean density ranged from 111 
quantitative kick seine samples (±25% accuracy, 90% CL)  to 11 quantitative kick seine samples 
(±50% accuracy, 70% CL) (Table 3). Table 4 shows extremely high numbers of quantitative kick 
seine samples were required per site (> 50) for instances of low individual species density (< 0.5 
crayfish per m2). Limiting results to only include species with densities > 0.5 crayfish per m2, 
ranges of quantitative kick seine samples included 118 samples (±25% accuracy, 90% CL) to 12 
samples (±50% accuracy, 70% CL), assuming one outlying value (Table 4). Generally, resulting 
numbers of samples from Table 4 are within 10% of the values of Table 3 with regard to 
accuracy and CL, with the benefit of species-specific assessments complete when using results 
from Table 4. 
 
In seven of our 12 sites, timed search sampling captured species additional to those captured 
by quantitative kick seine sampling (3 sites = 1 additional species; 2 sites = 2 additional species; 
1 site = 3 additional species; 1 site = 4 additional species) (Tables 1 and 4). Crayfish relative 
abundance and crayfish mean density were correlated (r= 0.771; P = 0.003).  
 
Assessing burrowing crayfish community 
Cambarus diogenes was the only species of burrowing crayfish captured in this study. Timed 
search sampling in streams was successful at capturing this species at four of 12 sites (Table 5). 
Excavation of streamside burrows captured the species at five sites.  Timed search failed to 
 21 
 
detect C. diogenes at three sites where excavation detected it, but there were two sites where 
timed searches detected this species and excavation failed. Overall, we found a total of 47 
active burrows across all sites, excavated 19 of these burrows, and successfully captured 8 
occupants (Table 5), yielding a capture rate of 42%.  
 
Repeatability comparison 
There were no substantial differences between species lists generated at individual site visits, 
and 95% confidence levels of crayfish mean density estimates overlapped between all site visits 
among all 12 sampled sites (Fig. 4). Species lists at each site was the same between visits, 
except for three sites where one of two visits captured one to three juvenile individuals of the 
primary burrowing species C. diogenes in timed search sampling. With crayfish species lists 
being very similar and no significant differences in crayfish mean density between site visits, we 
pooled both sampling visits for species richness, relative abundance, and crayfish mean density 
datasets for an increased sample pool to assess our methods. 
 
Habitat effects on crayfish community 
The habitat model for crayfish community mean density indicated a statistically significant (t = 
2.08; P = 0.038), positive effect of substrate size, but not current velocity and water depth 
(Appendix C). Results for species-specific habitat models of O. harrisoni, O. hylas, O. luteus, O. 
medius, O. punctimanus, C. maculatus and C. diogenes are detailed in Table 6. All three habitat 
variables had a significant relationship with one or more crayfish species. Orconectes medius 
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had an opposite relationship to substrate size than observed for crayfish community mean 
density. 
 
Model results for crayfish CPUE and averaged site habitat value (Appendix D) relationships for 
each site are listed in Appendix E. Habitat variables stream order, water depth, and stream 
width were correlated (0.652 ≤ r ≤ 0.838; P ≤ 0.022), thus given a single composite 
environmental gradient that we named ‘stream size’. Crayfish CPUE was positively affected by 
current velocity (t = 4.83; P = 0.005), and negatively by vegetation (t = -6.48; P = 0.001) and 
shade (t = -2.54; P = 0.050). Substrate size, channel unit habitat type, and stream size were not 
significant. 
 
Discussion 
Study Area 
Our selection of the Big River drainage appears to be ideal for this type of study. Abundant 
riffles provided ample habitat to complete the crayfish density evaluation portion of this study. 
The mix of abundant and rare species (Table 1) provided an ideal assemblage for which we 
were often unable to capture all species in any one sample unit.  
 
Designing a stream crayfish community sampling protocol 
Our study was driven by a desire to balance amount of temporal effort expended and statistical 
rigor for future crayfish studies and monitoring efforts. No efficient sampling protocol has been 
created that can be applied across a wide geographic area to assess crayfish community 
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composition and densities. Natural resource agencies charged with monitoring and assessing 
the status of many aquatic organisms require efficient assessment tools that are both 
statistically sound and time-efficient. The tables produced in this study may be used to assess 
crayfish populations at a specific site, while allowing investigators to select a sampling strategy 
that accounts for the trade-off between sampling time expended and accuracy with regard to 
population statistics for both crayfish species richness and crayfish mean densities. 
 
The study’s results (Tables 2, 3, 4) can be used to evaluate the statistical effects of increasing or 
decreasing sampling effort amounts in either estimating crayfish mean density or species 
richness sampling. Timed search was effective at capturing 100% of species richness at 97.5 CL 
across all sites (Table 2). The obvious drawback of achieving such a high rate of sampling 
accuracy is the significant time investment (~ 5.5 hours) to conduct so many timed search 
samples at each site needing investigation. An example of balancing statistical rigor with 
available resources may be to have a study directive of completing a site in 3 hours. In this case, 
we would recommend 7-timed search samples (80% of species richness captured, 85% CL), 
which would require about 2.5 hours of field work (including 0.75 hours of catch processing 
time). Table 3 suggests that 111 quantitative kick seine samples at any site will yield a crayfish 
mean density estimate with 25% of the PMD, with 90% CL. With our methods, 111 quantitative 
kick seine samples would take over 9 hours, and not likely feasible for most researchers. 
Similarly, Table 4 suggests 114 quantitative kick seine samples are required for assessing the 
mean density of common crayfish species (> 0.5 crayfish per m2) at 25% accuracy to the PMD 
with 90%, and similarly would require over 9 hours to complete. An example of balancing 
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statistical rigor with available resources to estimate species-specific crayfish mean density may 
be completing 12 quantitative kick seine samples (±50% accuracy relative to the PMD, 70% CL) 
(Table 4), which would take approximately 1 hour, and is applicable to species-specific mean 
densities. It is important to note that this number has not been tested in other channel unit 
habitat types (runs and pools), and thus our results and estimated mean densities are not 
applicable there. Future studies may find it useful to sample other channel unit habitat types 
for crayfish mean density. Such studies may be able to assess other species that in this study 
were only acquired by timed search sampling because of habitat preferences (DiStefano et al. 
2003a, Flinders and Magoulick 2005, Rabalais and Magoulick 2006).  
 
Ultimately, the amount of resources to spend at a site may depend on the objectives of a study. 
Rare species or species of conservation concern may have greater need for accurate population 
assessment. It is also important to distinguish differences in researcher’s ability to sample a site 
versus multiple sites. If the sampling objective is to simply assess the crayfish community 
(species richness and/or mean density) at one site, a time investment of 6 hours for estimating 
the species richness, or 9 hours to estimate crayfish mean densities may be acceptable. 
However, these time requirements would make statewide spatial scale sampling untenable. 
Then in the interest of time and expenses, it becomes necessary to eliminate sampling time 
expenses where possible, with less accurate sample results as the drawback. 
 
Completion times may be reduced with additional field assistance beyond a crew of three 
people. In cases where a crew of five people is available, timed search and quantitative kick 
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seine sampling tasks may be split. If six people are available, timed search could potentially be 
split equally among the crews of three, where each crew would be assigned to a half of the site.  
 
Crayfish relative abundance was correlated to crayfish mean density (Tables 1 and 3). Relative 
abundance captured in our timed searches provide a different measure of crayfish community 
structure, encompassing additional species unlikely to be captured in the quantitative kick 
sampling in riffle habitats, and the rarity of certain species at our sites (Tables 1 and 4). This 
sampling provides the benefit of surveying a more representative habitat sample of what 
occurred at a site, rather than just riffle habitats. Ultimately, the choices to sample either 
species richness or crayfish mean density, or both will stem from a study’s or monitoring 
program’s goals. 
 
Burrowing crayfish sampling 
Scientific literature has focused on capture rates of methods for assessing primary burrowing 
crayfishes (Welch and Eversole 2006a, Ridge et al. 2008, Loughman et al. in press); however no 
previous studies have evaluated adequate sampling for assessing burrowing crayfish 
populations that exist in the riparian area of a stream. During later and drier portions of the 
year, one is less likely to capture burrowing species in open water, as they burrow to escape 
desiccation (Taylor and Schuster 2004). Sampling methods must be specialized, and focus on 
capture in burrows during much of the year. We implemented burrow excavation as an 
additional capture technique, as this method has previously proven effective at capturing 
primary burrowing crayfishes (Ridge et al. 2008), and we found it to be effective in detecting 
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additional species not captured by timed search methods in the stream using burrow 
excavation as a capture technique. We had similar excavation success rate as Ridge et al. 
(2008). Excavations conducted by Ridge et al. (2008) had a 40.7% success rate, which is very 
similar to our calculated 42% success rate. Our results suggest that including efforts to sample 
primary burrowing crayfish will enhance protocols designed to sample the entire crayfish 
community (Table 5), but that it may be necessary to combine the results of burrow excavation 
and wadeable stream timed searches to maximize species detection.  More work is required to 
fully evaluate protocols to assess the primary burrowing crayfish component of a crayfish 
community, but we think that our approach of excavating three burrows per site provides a 
meaningful starting point.  
 
Repeatability comparison 
Sampling sites twice for a repeatability comparison following Hayek and Buzas (2010) provided 
support that our methods were successfully providing a consistent density estimate (Fig. 4), and 
support that we were likely capturing all species at each site. The only difference between site 
species lists among a site was one to three juvenile C. diogenes (burrowing species), which for 
our purpose was not important given that their life history suggests that they would be 
susceptible to our sampling method only during certain times (Hobbs 1981, Taylor and Schuster 
2004). Our results confirmed that data collected at the same place, using the same methods, 
and collected over a short period of time is likely to be similar; our results confirmed this.  
 
Habitat effects on crayfish community 
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Habitat associations are important for understanding species distributions. Our results show 
many significant habitat relationships with crayfish density and relative abundance, with many 
species-specific relationships defined in this study. Habitat relationships modeled with our 
crayfish density data are potentially biased, as these data were only collected in riffle habitat 
types. It is possible that the relationship may differ in other channel unit habitat types.  
 
We expected a positive relationship of crayfish mean density and relative abundance with 
substrate size. Larger substrate particles have interstitial spaces that likely provide shelter for 
crayfish (Stein and Magnuson 1976, Rabeni 1985, Rahel and Stein 1988, Usio et al. 2001, 
Magoulick 2004), habitat for aquatic insect predation (Newbury 1984, Usio and Townsend 
2000) and higher surface area for periphyton growth and subsequent consumption by crayfish 
(Momot 1995, Whitledge and Rabeni 1997). Our crayfish mean density and relative abundance 
data support this, as density increased with substrate size, but there were mixed results with 
species-specific analysis (Table 6). Crayfish substrate size preferences have been well studied 
(Rabeni 1985, Gore and Bryant 1990, Usio et al. 2001, Flinders and Magoulick 2003, Magoulick 
2004, Flinders and Magoulick 2005, Larson et al. 2008, Couch and Schuster 2011). These studies 
have had mixed success documenting the effect of substrate size on crayfish densities, and yield 
different results for different species and life stages. Similar to Rabeni (1985), we observed that 
O. punctimanus and O. luetus preferred larger substrate sizes. Couch and Schuster (2011) 
utilized similar methods to establish a positive effect of substrate size on a local, endemic 
crayfish in Kentucky (O. jeffersoni). The negative relationship of O. medius to larger substrates 
was unexpected (Table 6). In some areas where O. medius was present, it occurred at extremely 
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high densities (> 15 per m2) (Table 4). A personal observation was that streams with high 
relative abundances of O. medius had substrate dominated by gravel, similar to what Flinders 
and Magoulick (2003) recorded for juvenile O. punctimanus and O. marchandi. Gravel may 
provide more numerous but smaller, individual interstitial habitat that larger substrate types 
fail to provide. These more numerous spaces may provide a barrier to intraspecific competition 
in cases where crayfish are at high densities. Future sampling will have to account for substrate 
size as a community-influencing variable, and conduct study methods accordingly. Relationships 
of crayfish with substrate size may also be useful for assessing individual species by targeting 
their preferred habitat types for higher detectability, and ignoring sites where they are unlikely 
to be found.  
 
We expected a positive relationship with crayfish density and relative abundance to current 
velocity. Current velocity provides increased food supply for crayfishes (Gallepp 1977, Minshall 
and Minshall 1977), while providing different habitat choices or suitability for distributions of 
crayfishes (Maude and Williams 1983, Rabeni 1985, Gore and Bryant 1990, Usio and Townsend 
2000, Flinders and Magoulick 2003), and indirectly provides habitat differences by causing 
substrate composition differences (Hynes 1970). We did not record a significant effect of this 
variable on crayfish mean density, but were able to document a positive significant effect on 
crayfish relative abundance (Appendix E). This counters the negative relationship of current 
velocity on crayfish observed by Usio and Townsend (2000) and Flinders and Magoulick (2005). 
This variable was also significant to mean densities of several individual species (Table 6), where 
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O. punctimanus had a negative relationship (Rabeni 1985, DiStefano et al. 2003a, b) and O. 
luteus a positive relationship to current velocity (Rabeni 1985). 
 
We expected higher crayfish densities and relative abundances in shallower habitats. Crayfish 
mean density and relative abundance values were not significantly correlated to water depth, 
but we observed several species-specific relationships (Table 6). Our results agreed with 
DiStefano et al. (2003a, b) that O. punctimanus preferred higher water depths. Greater water 
depths are usually associated with higher numbers of aquatic predators (Larimore and Garrels 
1985, Harvey and Stewart 1991, Flinders and Magoulick 2003), influencing where crayfish are 
found. Inversely, Creed (1994) attributed higher crayfish abundance in deeper habitats due to 
increased food availability, and possible higher-risk in using shallower habitats from terrestrial 
predators. Englund and Krupa (2000) and Usio and Townsend (2000) showed crayfish predation 
may be a driving factor for utilizing different water depths, with young-of-the-year more often 
to be found in shallower, rockier substrates to avoid aquatic predation, but adults occupied 
deeper habitats to avoid terrestrial predation, as aquatic predators were no longer a threat 
with sufficient body size. Flinders and Magoulick (2003) echo this thought, stating crayfish may 
exhibit different behaviors at different water depths, influencing their availability as prey.  
 
We expected a positive correlation of crayfish to vegetation, based on results of DiStefano et al. 
(2003a) and Flinders and Magoulick (2007). Contrary to their results, we observed a negative 
association of crayfish relative abundance when modeling the effect of vegetation (Appendix E). 
Reasons for this difference may be that while DiStefano et al. (2003a) and Flinders and 
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Magoulick (2007) compared density samples within a site, whereas this study compared sites. 
We observed that much of the vegetation was restricted to pool and backwater environments, 
while the highest crayfish relative abundances we found were usually in riffles, where 
vegetation would typically not be as easily established. Another difference is that the crayfish 
communities were different than ours. 
 
Regardless of species, the crayfish-habitat relationship is important, as future sampling will 
have to account for differences when comparing differences within a site, or when comparing 
multiple sites. Habitat differences and crayfish preferences are evident in this study (Table 6). 
Future studies will need to investigate habitat variance as a primary factor responsible for 
crayfish community differences; otherwise the results will likely be biased with regards to 
certain species, both within and between sites. Other important discussions stemming from 
habitat importance include identifying key habitat characteristics to modify, protect, or 
augment in some areas may be needed in the future to ensure the existence of some 
threatened species. Similarly, future studies may wish to determine the invasive capabilities of 
some species. 
 
In summary, this study can be used by researchers and natural resource agencies concerned 
with assessing crayfish populations at a site in terms of species richness, relative abundance, 
and density. We completed this study in what we equated as the most difficult sampling 
situation in Missouri for assessing species richness at a site. These results provide a framework 
for accurately sampling crayfish populations and gathering information desired, with a balance 
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of how to spend limited resources. Crayfish communities with fewer species are likely to be 
sampled at higher levels, but additional testing in other types of habitats inside and outside of 
Missouri may be necessary to confirm these results, or modify for other crayfish communities in 
circumstances the methods were not successful in achieving study objectives. Specific 
applications of the recommendations applied with this project can include site-based crayfish 
community assessments, and can be applied in a framework for region-based crayfish 
community assessments or monitoring programs. 
 
Management Recommendations 
Management agencies need standardized sampling protocols for valid assessment of 
populations and they are better served when those protocols have been thoroughly evaluated 
in the field. This study designed and evaluated such protocols that can be applied to assess 
crayfish communities and populations at a site, in partial fulfillment of needs brought to 
attention by DiStefano (2005a). We generated recommendations that are based on completing 
site sampling in an approximate 3-hour time frame. We recommend completing seven 15-
minute timed search samples (105 minutes) and 12 quantitative 1 m2 kick seine samples in riffle 
habitats. Completing seven 15-minute timed search samples was successful at capturing 80% of 
the species richness at an 85% CL, and 12 quantitative 1 m2 kick seine samples estimates 
crayfish density (greater than 0.5 crayfish per m2) to within 50% value of PMD at a 70% CL. 
Reducing percentages of species richness captured, CL, and rigor with regard to the PMD 
presents a risk of not characterizing the crayfish population. We believe this to be an 
appropriate trade-off where circumstances limit time to three hours. Additional time and effort 
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spent in addition to the recommendations would be more statistically sound and reflect the 
true population characteristics of the crayfish populations being studied.  
 
To place our 80% of species richness, 85% CL recommendation into perspective, we compare 
these standards to other literature. Kery and Schmid (2006) documented an 89% species 
richness estimate for avian surveys that they evaluated. Rohr et al. (2007) found that at most, 
80% of the family richness was estimated using a variety of arthropod collection methods in 
Shenandoah National Park, and concluded this as being an effective richness measure. In 
Australia, typical reptile surveys are not even capturing 75% of species richness (Thompson et 
al. 2003). Several methods had difficulty measuring bee species richness at or above 50% in 
Westphal et al. (2008). Moreno and Halffter (2000) documented that methods capturing 90% or 
more of species richness was acceptable for bats in Mexico. Comparing our recommendations 
to other aquatic faunal groups, Hughes et al. (2002) researched electrofishing efforts to 
generate a recommendation that would capture 95% of fish species at 75% of occurrences, and 
found it took 8 hours for this high of statistical rigor. Huang et al. (2011) completed a stream 
mussel sampling protocol, where they were able to assess ≥ 70% of the species richness across 
94% of their sites using a 16 - man hour timed search. 
 
Studies that compared different levels of accuracy to estimate PMD were less clear. Morin 
(1985) documented efforts at a 95% CL with 40 – 50% accuracy relative to the PMD for stream 
benthic organisms.  
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An additional point is that crayfish mean density and relative abundance were highly correlated 
(r = 0.771; P = 0.003). In every circumstance, timed search methods successfully detected all 
species captured in the quantitative sampling, and thus should be the primary sampling 
method. Managers may find crayfish abundance a proper surrogate for density measurements, 
but use of crayfish density sampling will depend on the study objectives.  
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Figures and Tables 
 
 
 
Fig. 1. Big River drainage in Missouri with dots representing the 12 sampling sites where crayfish species richness 
and crayfish mean density samples were collected May-July 2012. 
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Table 1. Crayfish relative abundance in timed search sampling, by species and site, collected May-July 2012 in the Big River drainage, Missouri. Abund = crayfish 
relative abundance. 
 
Site Cambarus 
diogenes 
C. maculatus Orconectes 
harrisoni 
O. hylas O. luteus O. medius O. punctimanus O. virilis Total Site 
Crayfish 
Abundance 
Abund CPUE Abund CPUE Abund CPUE Abund CPUE Abund CPUE Abund CPUE Abund CPUE Abund CPUE  
1 0 0 4 0.25 6 0.38 107 6.69 287 17.94 0 0 19 1.19 0 0 423 
2 0 0 0 0 0 0 316 31.60 40 4.00 0 0 28 2.80 0 0 384 
3 4 0.29 5 0.36 77 5.50 0 0 58 4.14 0 0 50 3.57 0 0 194 
4 0 0 22 2.20 19 1.90 0 0 241 24.10 173 17.30 166 16.60 0 0 621 
5 0 0 0 0 235 26.11 0 0 0 0 0 0 546 60.67 0 0 781 
6 0 0 3 0.23 70 5.38 1 0.08 39 3.00 295 22.69 106 8.15 0 0 514 
7 1 0.09 3 0.27 7 0.64 317 28.82 367 33.36 0 0 29 2.64 0 0 724 
8 2 0.22 3 0.33 0 0 0 0 4 0.44 491 54.56 33 3.67 0 0 533 
9 0 0 21 2.33 0 0 94 10.44 109 12.11 0 0 8 0.89 0 0 232 
10 0 0 0 0 0 0 49 5.44 88 9.78 0 0 5 0.56 0 0 142 
11 3 0.27 0 0 68 6.18 18 1.64 104 9.45 0 0 46 4.18 20 1.82 259 
12 0 0 21 2.33 68 7.56 0 0 210 23.33 7 0.78 51 5.67 0 0 357 
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Table 2. Number of timed search (15 minute) samples required to assess a site, with varying percentages of 
crayfish species richness captured and confidence levels (CL) illustrated. Number of samples required represents 
the maximum number of samples required to assess any of the 12 sampled sites in the Big River drainage. 
 
% of species richness 
captured 
100% 97.5% 95% 90% 85% 80% 75% 
Confidence level        
97.5% 13 13 12 11 11 11 9 
95% 13 13 12 11 11 9 8 
90% 13 13 12 11 11 9 7 
85% 13 12 11 11 9 7 6 
80% 13 12 11 11 8 7 5 
75% 13 12 11 10 8 6 5 
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Table 3. Estimated crayfish mean densities found at 12 sampling sites, and number of quantitative kick seine 
samples required to estimate crayfish density (per 1 m
2
). Number of samples required varies by ±25% and ±50% 
accuracy (% proportion of the population mean density [PMD]). CL= confidence level. 
 
 
Site Crayfish 
mean 
density  
(1 m
2
) 
±25% of 
PMD 90% CL 
±50% of 
PMD 90% CL 
±25% of 
PMD 80% CL 
±50% of 
PMD 80% CL 
±25% of 
PMD 70% CL 
±50% of 
PMD 70% CL 
1 8.1 58.9 14.7 35.8 8.9 23.4 5.8 
2 8.3 11.4 2.9 7.0 1.7 4.5 1.1 
3 5.7 26.4 6.6 16.0 4.0 10.5 2.6 
4 10.4 42.0 10.5 25.5 6.4 16.7 4.2 
5 13.6 42.9 10.7 26.0 6.5 17.0 4.3 
6 11.4 30.1 7.5 18.3 4.6 12.0 3.0 
7 9.4 26.6 6.6 16.2 4.0 10.5 2.6 
8 16.1 20.6 5.2 12.5 3.1 8.2 2.0 
9 6.4 43.3 10.8 26.3 6.6 17.2 4.3 
10 3.1 110.3 27.6 67.0 16.8 43.8 10.9 
11 4.1 21.9 5.5 13.3 3.3 8.7 2.2 
12 4.1 31.0 7.7 18.8 4.7 12.3 3.1 
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Table 4. Estimated crayfish mean densities found at 12 sampling sites, and number of quantitative kick seine 
samples required to estimate individual crayfish species density (per 1 m
2
). Number of samples required varies by 
±25% and ±50% accuracy (% proportion of the population mean density [PMD]). CL= confidence level. 
 
 
Site Species Average 
Density 
(per 1 m2) 
±25% of 
PMD 90%CL 
±50% of 
PMD 90%CL 
±25% of 
PMD 80% CL 
±50% of 
PMD 80% CL 
±25% of 
PMD 70% CL 
±50% of 
PMD 70% CL 
1 Orconectes hylas 3.6 27.9 7.0 16.9 4.2 11.0 2.8 
1 O. luteus 4.4 111.4 27.9 67.7 16.9 44.2 11.0 
1 O. punctimanus 0.1 627.1 156.8 380.8 95.2 248.7 62.2 
2 O. hylas 7.4 11.7 2.9 7.1 1.8 4.6 1.2 
2 O. luteus 0.6 117.9 29.5 71.6 17.9 46.8 11.7 
3 Cambarus maculatus 0.1 627.1 156.8 380.8 95.2 248.7 62.2 
3 O. harrisoni 1.9 90.2 22.6 54.8 13.7 35.8 8.9 
3 O. luteus 2.0 69.1 17.3 42.0 10.5 27.4 6.9 
3 O. punctimanus 0.4 169.9 42.5 103.2 25.8 67.4 16.8 
4 C. maculatus 0.3 336.7 84.2 204.5 51.1 133.6 33.4 
4 O. harrisoni 1.0 3.9 1.0 2.4 0.6 1.5 0.4 
4 O. luteus 3.2 101.0 25.3 61.3 15.3 40.1 10.0 
4 O. medius 4.7 58.3 14.6 35.4 8.8 23.1 5.8 
4 O. punctimanus 1.5 81.5 20.4 49.5 12.4 32.3 8.1 
5 O. harrisoni 2.7 114.7 28.7 69.7 17.4 45.5 11.4 
5 O. punctimanus 10.3 43.4 10.8 26.3 6.6 17.2 4.3 
6 O. harrisoni 0.2 366.5 91.6 222.6 55.7 145.4 36.3 
6 O. luteus 0.4 217.6 54.4 132.2 33.0 86.3 21.6 
6 O. medius 8.8 26.2 6.6 15.9 4.0 10.4 2.6 
6 O. punctimanus 0.5 81.2 20.3 49.3 12.3 32.2 8.0 
7 O. hylas 5.8 40.5 10.1 24.6 6.2 16.1 4.0 
7 O. luteus 2.9 29.6 7.4 18.0 4.5 11.7 2.9 
8 O. medius 16.0 21.2 5.3 12.9 3.2 8.4 2.1 
8 O. punctimanus 0.1 291.1 72.8 176.8 44.2 115.5 28.9 
9 C. maculatus 0.2 253.8 63.5 154.2 38.5 100.7 25.2 
9 O. hylas 3.1 46.4 11.6 28.2 7.0 18.4 4.6 
9 O. luteus 2.9 52.0 13.0 31.6 7.9 20.6 5.2 
9 O. punctimanus 0.2 331.4 82.9 201.3 50.3 131.5 32.9 
10  O. hylas 2.4 186.8 46.7 113.5 28.4 74.1 18.5 
10 O. luteus 0.8 64.4 16.1 39.1 9.8 25.6 6.4 
11 O. harrisoni 0.3 197.1 49.3 119.7 29.9 78.2 19.5 
11 O. hylas 0.3 143.3 35.8 87.1 21.8 56.8 14.2 
11 O. luteus 2.8 31.9 8.0 19.4 4.8 12.6 3.2 
11 O. punctimanus 0.3 303.6 75.9 184.4 46.1 120.4 30.1 
12 O. harrisoni 0.1 403.1 100.8 244.8 61.2 159.9 40.0 
12 O. luteus 3.7 33.4 8.3 20.3 5.1 13.2 3.3 
12 O. medius 0.2 179.2 44.8 108.8 27.2 71.1 17.8 
12 O. punctimanus 0.1 1298.9 324.7 788.9 197.2 515.2 128.8 
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Fig. 2. Number of quantitative 1 m
2
 kick seine samples required to estimate species-specific crayfish mean 
densities (per m
2
) at a site, with effect of accuracy (within 25% and 50% proportion of the population mean density 
[PMD]) at 70% CL. Each datapoint represents the lowest likelihood to estimate the PMD across all 12 Big River 
drainage sampling sites. 
 
 
 
 
Fig. 3. Number of quantitative 1 m
2
 kick seine samples required to estimate species-specific crayfish mean 
densities (per m
2
) at a site, with effect of confidence level (CL) to estimate population mean density (PMD) at 50% 
accuracy. Each datapoint represents the lowest likelihood to estimate the PMD across all 12 Big River drainage 
sampling sites, applicable to mean densities > 0.5 crayfish per m
2
. 
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Fig. 4. Estimated crayfish density (mean with 95% Confidence level) for both site visits (A and B) for all 12 sampling 
sites in the Big River drainage. 
  
 41 
 
Table 5. Burrowing crayfish sampling results in each of 12 sampling sites testing ability of crayfish burrow search 
and excavation to find additional species not captured in timed search.  
 
Site Burrows 
Found 
Burrows 
Excavated 
Burrows 
Occupied 
Timed 
Search 
Captures 
1 2 2 0 0 
2 0 0 0 0 
3 2 2 2 4 
4 13 3 0 0 
5 6 3 1 0 
6 6 3 2 0 
7 1 1 0 1 
8 0 0 0 2 
9 0 0 0 0 
10 0 0 0 0 
11 15 3 2 3 
12 2 2 1 0 
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Table 6. Habitat effects on crayfish species-specific mean densities. Positive or negative relationship of habitat variable to crayfish density is described by t-
value. Significant values (α = 0.05) are in bold. 
 
 Orconectes harrisoni 
df = 170 
O. hylas 
df = 141 
O. luteus 
df = 227 
O. medius 
df = 68 
O. punctimanus 
df = 227 
Cambarus maculatus 
df = 83 
Habitat 
variable 
t-value P value t-value P value t-value P value t-value P value t-value P value t-value P-value 
Current 
velocity 
-3.63 < 0.001 1.79 0.075 2.44 0.015 1.42 0.161 -2.28 0.024 -1.22 0.226 
Water Depth 2.04 0.043 -0.12 0.907 0.83 0.407 -1.68 0.098 3.46 < 0.001 0.70 0.484 
Substrate size 0.45 0.652 0.35 0.729 3.89 < 0.001 -3.41 0.001 3.83 < 0.001 2.82 0.006 
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CHAPTER 3: DEVELOPMENT OF STREAM-DWELLING CRAYFISH SAMPLING 
METHODS AT THE DRAINAGE SCALE AND INVESTIGATION OF HABITAT 
VARIABLES ON CRAYFISH COMMUNITY 
 
Abstract 
To properly assess the population status and distribution of aquatic species over a broad 
geographic scale, standardized site selection and sampling methods are required. This study 
utilizes sampling recommendations for assessing crayfish community composition at a site 
scale. We sampled a high number of sites in test drainages (confident we were capturing 100% 
of species richness). Through species accumulation analysis, we determined a number of river 
kilometers that one site represents (RkmPS [the recommended number of sampling sites in a 
drainage relative to total stream length found in the drainage]) and a unit site per area (USPA 
value [the recommended density of sampling sites in a drainage relative to the drainage size]) 
as being adequately sampled in each drainage. By applying these measurements to other 
drainages, researchers should be able to adequately assess populations at a drainage scale with 
statistical certainty. Our data suggest a balance of statistical accuracy to represent the 
population, and resources spent sampling (number of sites) can be achieved in any given 
drainage for resource managers to efficiently utilize time and resources. Habitat variables were 
also analyzed for potential relationships to the crayfish community. Stream width and stream 
order were negatively correlated with crayfish relative abundance. Substrate size and channel 
unit (a quantified description of riffle, run, and pool habitat types at a site, positively influence 
by higher amounts of riffle habitats) were positively correlated with crayfish relative 
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abundance. Habitat effects had significant, but varying results on species-specific relative 
abundances at sites. 
 
Introduction 
Crayfish are an important group of organisms to be able to study, as they are the third-most 
imperiled faunal group in North America, behind freshwater mussels and snails (Mittermeier et 
al. 2010, NatureServe 2012). Taylor et al. (2007) documented that 48% of the North American 
crayfish assemblage is in need of conservation recognition (i.e., threatened or endangered 
status). 
 
Crayfish are not only important to study because of their conservation status, but have large 
effects in the realm of their role in aquatic ecology. These multi-trophic organisms constitute 
substantial proportions of the total invertebrate biomass and production in many streams 
(Rabeni 1992, Rabeni et al. 1995). Crayfish predation transfers energy to higher aquatic and 
terrestrial trophic levels (DiStefano 2005b). Crayfish also influence stream ecosystem functions 
by reducing sediment on stream substrate and modifying the habitat, acting as ecosystem 
engineers (Statzner et al. 2003, Creed and Reed 2004, Helms and Creed 2005). 
 
Standard methods have been established for insects (Hilsenhoff 1982, Barbour et al. 1999), fish 
(Karr et al. 1986, Reynolds et al. 2011), and freshwater mussels (Piette 2005, Huang et al. 2011). 
In comparison there remains no standardized sampling scheme for assessing or monitoring 
crayfish communities over a broad geographic area, in spite of their importance in both 
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conservation and aquatic ecosystem function aspects. In a prior study (Chapter 2) we assessed 
the amount of effort required to adequately quantify crayfish species richness and relative 
abundance at a site. To increase the utility of site-sampling data, a protocol should incorporate 
a larger spatial-scale component with capabilities to assess drainage-scale crayfish species 
distributions, as has been established for other faunal groups, including insects (Li et al. 2001, 
Shearer et al. 2002, Stendera and Johnson 2005) and fish (Roth et al. 1996, Lammert and Allan 
1999).  
 
Study area 
The state of Missouri served as a model environment with which to conduct our experiment. 
The state’s diverse habitat can be broken up into three different faunal regions of crayfish 
interest (Ozark Highlands, Prairie, and Mississippi Embayment Lowland; Sowa et al. 2007), 
causing a high degree of crayfish endemism (Pflieger 1996). Missouri hosts 35 known crayfish 
species (Taylor et al. 2007).  
 
The primary objective of this study was to expand the methods developed in Chapter 2, and 
test their ability to assess the status of crayfish communities over a larger spatial scale. We 
believe that by greatly oversampling a series of representative drainages, a unit site per area 
(USPA) and a number of river kilometers per site (RkmPS) with which all species in each 
drainage are accounted for can be calculated. The USPA is a unit number, where one site 
figuratively represents an unknown area of the drainage. It is calculated by dividing a sampled 
drainage area by the number of sites required to capture percentages of species richness in the 
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drainage. Similarly, RkmPS is a figurative unit number, calculated by tallying all 2nd-4th order 
streams (Strahler 1957) within a drainage, and dividing this total by the number of required 
sample sites to capture percentages of species richness in the drainage. These values could be 
applied elsewhere to determine the number of sampling sites needed to adequately assess all 
crayfish species within a given drainage.  
 
Additionally, we had other objectives related to our sampling. We wanted to test if crayfish 
relative abundance and crayfish mean density estimates were correlated, as in Chapter 2. Next, 
we wanted to determine if we were oversampling our sites, using our prescribed efforts from 
Chapter 2. Similar to Chapter 2, we wanted to observe if excavating crayfish burrows produced 
additional detection power for capturing all of the known species richness. We also wanted to 
model visually-estimated habitat values to our measured crayfish relative abundances. 
 
Methods 
We selected seven drainages representing each of the Missouri faunal regions (Sowa et al. 
2007) to test the applicability of our methods on a statewide basis (Fig. 5). Drainages were 
selected to present the most rigorous challenge to our design that existed in each region, which 
we equated to known high relative species richness (Table 7) (Pflieger 1996). Known crayfish 
species introductions (Orconectes virilis in the Big River, O. harrisoni in Big Creek) were left out 
of analyses as these species have not dispersed throughout these drainages. Also, Pflieger 
(1996) documents the presence of Cambarellus puer, Fallicambarus fodiens, Faxonella clypeata, 
and Procambarus viaeveridus in our selected Mississippi Embayment Lowland drainage. These 
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species were not included in our analyses because they are typically found in ephemeral ditches 
and ponds, and are usually not found in flowing, wadeable streams (Pflieger 1996, Taylor and 
Schuster 2004). In all cases, Cambarus diogenes and P. gracilis were only included in the 
burrowing crayfish sampling portion of the analysis because of their seasonal burrowing 
ecology (Hobbs 1981, Pflieger 1996), where they can be found in both underground burrows 
and in standing waters (Taylor and Schuster 2004).  
 
We employed a random site selection process using ArcMap 10. Stream segments (0.5-3.5 km 
in length) were listed in a valley-segment type attribute table, where segments were chosen by 
randomly selecting individual attribute records of ‘segment id’ for further consideration (Sowa 
et al. 2007), and locations identified in ArcMap. Random selection was completed by assigning 
all attribute records a number; a random number function entered in a spreadsheet picked the 
order that these records would be examined for fitness of selection criteria. We fit our 
definition of a wadeable stream by only including streams of second through fourth order 
(Strahler 1957) (Chapter 2). We located all selected stream segments in a Delorme Atlas of 
Missouri to observe if a road crossing existed in the selected stream segment. If no crossing 
existed, segments were discarded until a selected segment contained a road-stream crossing. 
Road crossings were noted for future field truthing as potential sampling sites (see listed 
criteria below). In rare circumstances of multiple road-stream crossings within the selected 
stream segment, one crossing was selected by coin flip. Criteria to establish road crossings as a 
sample site included a public transportation right-of-way occurring at the described site, 
obtainable landowner contact information for gaining access, and presence of water. In Ozark 
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Highlands systems, there had to be enough riffle habitat present to complete our quantitative 1 
m2 kick seine sampling (approximately 15 m2 riffle habitat required inside the potential 
sampling reach) (Chapter 2). Potential sites not meeting criteria were discarded. Using ArcMap, 
straight-line distance was noted for each potential site in relation to other potential sites. Site 
independence and adequate site dispersal was achieved by using criteria that no sampled site 
could occur within 3 km of any other sampled site, and sample sites on the same named stream 
could not occur within 6 km of another site on that stream without a change in stream order. 
Sites were sampled in the random order that they were selected.  
 
To calculate how many sites per drainage to sample, we started with the Big River drainage as a 
model environment. Pflieger (1996) was able to capture all known species from the Big River 
drainage with seven sampling sites, while our efforts (Chapter 2) successfully captured these 
species with 12 sampling sites. To help assure that we oversampled, we chose to sample 20 
sites in the Big River drainage. We converted our Big River drainage sampling into a site per 
area calculation, where we took the area of the Big River drainage (220,150 ha) and divided it 
by the 20 sampling sites (Table 7), which yielded a site per area unit (one site per ~11,000 ha). 
We were less familiar with other drainages and species communities in Missouri, so we 
approximately doubled the number of sites per area (one site per ~5500 ha), however the 
number of sites sampled varied somewhat among the drainages because of site availability, 
water presence or flooding, and ability to obtain landowner permission (Table 7). We sampled 
at least twice as many sites as Pflieger (1996) in all drainages, totaling 90 sampling sites 
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completed during Summers of 2012 and 2013 (Table 7). Site locality information for all sites is 
listed in Appendix F. 
 
Site sampling 
Sampling at each site followed methods from Chapter 2, using recommended efforts that 
allowed us to sample a site in 3 - 3.5 hours (an effort we thought would be consistent with what 
resource agencies could complete). This entailed seven 15-minute timed search samples (105 
minutes) for species richness and relative abundance estimation (at least 80% of the species 
richness captured with 85% confidence level [CL] across all sites) and twelve 1 m2 quantitative 
kick seine samples for estimating crayfish mean density (at least 50% accuracy [estimates will 
be within 50% proportion to the population mean density {PMD}] and 70% CL across all sites). 
Crayfish mean density sampling was conducted at all Ozark Highlands sampling sites (Big River, 
Big Creek, and Little North Fork White River drainages), and those sites in Prairie and Mississippi 
Embayment Lowland faunal regions where habitat was suitable (9 of 49 sites).  
 
Time elapsed during the timed searches was recorded for each additional species captured at a 
site to evaluate our timed search sampling for potential oversampling (meaning are our last 
sample[s] not capturing new species across all drainages because the method has already 
detected them earlier in the visit). For example, if C. hubbsi was first captured during the time 
searches at 101 minutes, we attributed this species as being caught in the final timed search 
sample, as only four minutes of sample time remained at that site.  
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To address the presence of burrowing crayfish species, all active burrows (Simon 2004) in each 
site were counted (within the high water mark of the stream channel), and up to three crayfish 
burrows per site were randomly chosen for excavation (if three or less burrows found, all active 
burrows were excavated).  
 
We recorded habitat variables and modeled them to the crayfish community captured. Channel 
unit (riffle run, pool) (Armantrout 1998) was visually estimated where percentages of these 
habitats within the site were recorded, and later scored (riffle = 3, run = 2, pool = 1). The 
percentages were multiplied by the scores and added together to quantify the site with one 
value. Substrate sizes were visually estimated (percent occurrence within the site) and 
quantified (boulder = 5, cobble = 4, pebble = 3, gravel = 2, bedrock = 1.5, sand and silt = 1; 
Litvan et al. 2010). The estimated values were multiplied by their percentage of occurrence and 
added together to quantify the site with one value. Stream width (measured while defining site; 
within 50 m of road crossing at a run habitat), and stream order (Strahler 1957) (defined in 
valley-segment type attribute table) were recorded for each site. 
 
Statistical analyses 
The number of sites required to document the presence of all species in each drainage (species 
richness) was analyzed with species accumulation analysis. Species richness and accumulation 
was calculated using the Chao-1 method (Chao 1984), used in EstimateS 8.2.0 (Colwell 2009), 
where each site was utilized as a sample. The program analyzes a given drainage by resampling 
each drainage 100 times, where varying numbers of sites are randomly drawn. The program 
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uses each random draw to predict the number of species at a site, which is always equal to or 
greater than the number of species captured, and averages all predictions. This yields species 
accumulated estimate values (Sest) including the specific sample (site) at which each species was 
captured for the first time, along with standard deviation and 95% upper and lower CL values 
for each sample in the pool. Each drainage was analyzed separately to determine how many 
samples (sites) were required for the species accumulation to equal the number of species 
observed. Species accumulated estimate values were transferred to a spreadsheet for further 
analysis. The number of required sites for assessing each drainage can then be divided into the 
total amount of river kilometers present in the drainage (2nd- 4th order) to yield a representative 
value where a site represents an amount of river length (river kilometers per site [RkmPS]). 
Likewise, the drainage area can be used similarly by dividing the number of sites required in a 
drainage by the drainage area to calculate an effective area that one site represents (unit site 
per area [USPA]). Variables of acceptable variability (CL) were evaluated using z-scores (97.5%, 
95%, 90%, and 80% CL), and percentage of species assemblage captured (100%, 95%, 90%) 
were examined. It was assumed that the drainage with the lowest RkmPS or USPA value could 
be applied to all drainages for effective sampling. 
 
Testing for correlation of crayfish relative abundance and crayfish mean density was completed 
in PROC CORR in SAS 9.3 (SAS Institute, Cary, North Carolina).  
 
Potential oversampling was analyzed by tallying how many of our 90 sampling sites had 
additional species captured during the final timed search (15 minutes). If > 5 sites (based on α = 
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0.05; 5% of 90 sites = 5 sites) had additional species in the final timed search sample, then we 
concluded that shortening the time sampled would compromise the method, and no longer 
adequately assess a site. 
 
We excavated up to three burrows per site to detect species that the timed in-stream search 
method failed to detect (Chapter 2). This dataset was compared with the timed search data to 
observe additional species captures. Successful capture rate of burrow excavations (number of 
occupied burrows / total excavated burrows) was also computed and compared to another 
study (Ridge et al. 2008).  
 
Habitat variables were modeled to crayfish relative abundance and relative abundances of 
select crayfish species. If crayfish relative abundance and crayfish mean density were correlated 
(r > 0.55; P ≤ 0.05), relative abundance data would solely be used to model habitat effects on 
the crayfish communities. We used PROC CORR to determine if any habitat variables were 
correlated with each other. For variables that had high correlation (r > 0.55; P ≤ 0.05) and had 
similar influences (e.g., stream width and stream order as measurements of stream size), 
Principle Components Analysis (PCA) values were calculated in PROC FACTOR to produce a 
representative composite environmental gradient. Only species naturally occurring in two or 
more drainages, and detected in over half of the sites in those drainages were analyzed, limiting 
us to O. luteus, O. punctimanus, O. ozarkae, O. virilis, O. immunis, and P. acutus. All crayfish 
data were count data, and as such were treated as a Poisson distribution. We used generalized 
linear mixed models (PROC GLIMMIX) with a log link transformation of habitat data (non-
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normal) to model crayfish-habitat relationships, which allowed us to use a random block to 
control for drainage, while habitat variables were treated as fixed effects of the blocks. Sites 
were individually treated as samples within the drainage block. All models were considered 
significant at α ≤ 0.05. 
 
Specimen voucher 
Voucher specimens of all species were preserved in 70% ethyl alcohol, and were deposited in 
the Illinois Natural History Survey Crustacean Collection. 
 
Results 
Chao-1 estimates of species were equal to the number of crayfish species observed in all 
drainages. 
 
The number of sampling sites required per each drainage is presented in Table 8 with a 97.5 CL. 
There was no effect of CL, where no additional samples were required for a 97.5% CL than for 
an 80% CL. Altering the percentage of species captured within each drainage yielded some 
sampling requirement differences (Table 8). Table 8 presents the number of sample sites 
required in each drainage, and an RkmPS and USPA value that effectively sampled the crayfish 
species richness observed in each. The majority (6 of 7) of the drainages had somewhat similar 
RkmPS (within 50%) and USPA values (within 33%) at 100% of species richness captured. 
Assessing less of the species assemblage generally increased the RkmPS value (95% species 
richness = 5 km increase per site; 90% species richness = 7 km increase per site) and USPA value 
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(95% species richness = 0 – 12,231 ha increase; 90% species richness = 0 - 19,569 increase). 
Information in Table 8 can be used to calculate necessary numbers of sample sites in other 
drainages, depending on the percentage of species richness and sampling effort tradeoff 
investigators wish to achieve, where one site for every 18 river km (100% of species richness 
captured), 23 river km (95% of species richness captured), and 25 river km (90% of species 
captured) can be applied. Similarly for drainage area, one site for every 6281 ha (100% of 
species richness captured), 8517 ha (95% of species richness captured), and 9475 ha (90% of 
species richness captured) can be applied. For example, if researchers had the goal of capturing 
100% of species richness found in a drainage with a 2nd-4th order stream length total of 180 km, 
then 10 sites would be required, or for a drainage with a total area of 60,000 ha, 10 sites would 
successfully capture 100% of species richness. 
 
Crayfish mean density and relative abundance were correlated (r = 0.725; P < 0.001). 
 
Ten of our 90 sampling sites had at least one additional crayfish species captured in the last 15 
minutes of sampling. Each faunal region had at least one site where this occurred (Ozark [5], 
Prairie [4], Lowland [1]).  
 
Five species were captured in burrows in the burrow search and excavation phase of this study 
(P. acutus, P. gracilis, P. clarkii, C. diogenes, and C. ludovicianus [C. ludovicianus is not listed in 
Pflieger 1996]) (Table 9). Forty-seven of our 90 sites had at least one active burrow, with 574 
total burrows found. One hundred sixteen burrows were excavated, and 68 yielded occupant 
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capture for a burrow excavation success rate of 58.6% (Table 9). There were 21 sites where 
burrow excavation was able to detect additional species not captured in in-stream timed 
searches, but burrow excavation methods failed to detect burrow-dwelling species C. diogenes 
and P. gracilis at 21 sites where timed in-stream search successfully did. Most (13) of these sites 
had active burrows, but occupants were not successfully captured in the burrows; the 
remaining 8 sites where burrowing crayfishes were captured in timed in-stream search but not 
in burrow excavation had no active burrows. Burrowing crayfish sampling results are listed in 
Table 9, with results of the number of sites and total number of each species captured in the 
burrow sampling. Cambarus diogenes was the most abundant species (56 of 68 occupants 
captured) in these samples (Table 9). No burrow-dwelling crayfishes or active burrows were 
found in the Little North Fork White River drainage. Procambarus acutus, P. gracilis, C. 
ludovicianus, and P. clarkii were also captured by the instream timed search sampling at all sites 
where they were captured by burrow excavation. 
 
Crayfish mean density and relative abundance were correlated, thus relative abundance was 
used for all habitat modeling analyses, as crayfish density data was not collected at all sites. A 
correlation analyses of our habitat values showed significant correlation between variables 
stream width and stream order (r = 0.660, P < 0.001), and using PCA, a composite 
environmental gradient was developed to represent these variables, named stream size. All 
three habitat variables had significant effects on crayfish relative abundance. Substrate size (t = 
3.44; P = 0.001) and channel unit (t = 20.37; P < 0.001) had positive effects, and stream size had 
a negative effect on crayfish relative abundance (t = -26.14; P < 0.001). Individual species had 
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many significant correlations, but were sometimes not the same as habitat correlations with 
relative abundance for all species (Table 10). Orconectes luteus, O. punctimanus, and O. virilis 
were positively and O. immunis and P. acutus were negatively related to substrate size. 
Orconectes punctimanus, O. ozarkae, and O. virilis were positively and O. luteus and P. acutus 
were negatively related to channel unit. Besides stream size having a positive effect on O. 
luteus relative abundance, all other crayfish species (O. punctimanus, O. ozarkae, O. virilis, O. 
immunis, P. acutus) had negative relationships with this variable. 
 
Discussion 
We chose to complete seven 15-minute timed search samples (105 minutes) for assessing 
crayfish species richness and twelve 1 m2 quantitative kick seine samples for estimating crayfish 
mean density as a balance of statistical accuracy desired (Chapter 2), and available resources at 
our disposal. We chose these effort amounts based on a goal of completing a site in 3 – 3.5 
hours, with one hour dedicated to estimating the crayfish mean density. Other combinations 
can be utilized for assessing the crayfish community at a site scale, depending on the research’s 
objectives and resources (Chapter 2).  
 
A properly tested sampling protocol for any group of organisms should be able to assess both 
species assemblage at a site and the distribution of those species across broad geographic 
scales and differing habitat types (Li et al. 2001, Stendera and Johnson 2005). We think that the 
results for the seven drainages sampled as part of this study are representative of a large 
portion or most of Missouri and thus our results could be applied statewide (Table 7). Despite 
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different faunal regions and species assemblages, we observed relative consistency (< 50% 
difference) in the amount of stream length and drainage area that one site adequately samples 
(6 of 7 drainages resulted in efficient sampling for one site representing 25 – 43 RkmPS, and a 
USPA value between 8500 and 12100 ha at 95% of species richness captured) (Table 8). This 
suggests that our methods may be applicable to other parts of North America, given the 
diversity of crayfish communities and habitat types sampled in this study (Table 7).  
 
When designing a faunal study or monitoring effort, one has to contemplate what constitutes 
adequate sampling to assess distributions of species (i.e., does capturing each species only once 
in the drainage adequately assess it?) If documenting the presence or absence of a single 
species in a drainage is the only goal, then this may be sufficient. If the test drainage is really 
large, however, researchers will need to focus on capturing species at more than one location 
in this sized drainage for proper mapping of distributions. Additional assessments may be 
necessary to answer the question of how to assess larger drainages for multiple questions 
concerning crayfish community structure.  
 
The random site selection process we described allows for scientific comparison and testing for 
future studies, while providing representative crayfish and habitat modeling data among each 
drainage (no bias). Random site selection has drawbacks though. If experienced surveyors 
forwent the random site selection process and chose sampling sites based on habitat quality 
observed, it is likely that more species would be sampled with fewer sites (e.g., Pflieger 1996). 
Drawbacks of non-random site selection are that it is not really repeatable and potentially 
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biases crayfish or habitat data. Another method that may minimize oversampling is if future 
studies investigated the effect of adding an additional block by stream order (completely 
random sampling versus stratified random sampling [Neyman 1934, Cochran 1946]). Several 
species in our dataset were limited to smaller or larger streams; by incorporating a block design 
for stream order, this would ensure a fixed number of sites would occur at some of these 
smaller and larger stream sites where some species occur (e.g., O. peruncus in headwater 
streams, or in the Prairie faunal region, O. luteus in larger streams). This may achieve higher 
efficiency (higher RkmPS and USPA) than a completely random design. 
 
Crayfish mean density and relative abundance were highly correlated per site. Depending on 
the goals of an assessment or monitoring program, measuring crayfish density may or may not 
be necessary. If the goals are simply to detect species, estimate relative abundance, estimate 
population size, or assess species distributions, then density measurement may not be a wise 
use of time and resources. Density estimates may be more useful when attempting to calculate 
population estimates, conduct temporal population analyses or observe temporal trends, when 
completing habitat specific interactions or to compare crayfish mean density to other regions as 
reported in the literature.  
 
We originally thought that if five or more sampling sites had additional species captured during 
the final 15 minutes of timed search, this relatively high number of sites (> 5%) could 
compromise the ability of the sampling protocol to detect all species occurring in a site 
(assuming 95% CL). At 10 of our 90 sampling sites (> 10%) we captured additional crayfish 
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species in the last timed search sample. Thus, reducing sampling time per site would likely 
cause failed species detection at a substantial proportion of sites.  
 
We intended the burrow excavation portion of the sampling protocol to adequately sample the 
suite of secretive, primary burrowing species at most sites. These species are often under-
represented in most faunal surveys because of their seasonal burrowing ecology (Taylor and 
Schuster 2004, Duffy and Thiel 2007), as most stream crayfish sampling methodology (Rabeni et 
al. 1997, DiStefano 2000, Flinders and Magoulick 2003) relies on capture in the surface water 
environment. Our specialized sampling methods had mixed effects with regard to capturing 
burrowing crayfish in standing waters. A combination of burrow excavation and in-stream 
timed search methods should be more successful. In eight of our 21 sites, burrowing species 
were captured in timed search with no active burrows in the site. Our burrow excavation 
success rate (58.6%) is approximately 16% higher what we observed in previous sampling 
(Chapter 2) and Ridge et al. (2008). This discrepancy could be related to the type of crayfish we 
were sampling (mostly C. diogenes), the accumulated experience of personnel excavating 
burrows, and the environment we were sampling (riparian areas of streams versus general 
wetlands studied in Ridge et al. 2008). We think that the combination of both burrow 
excavation and timed search catch is successful enough at detecting these species to assess a 
site, for use in studying distribution information regarding this group of species.  
 
All habitat variables had significant effects on crayfish relative abundance, with variables having 
different effects on the tested species (Table 10). Similar to our previous study (Chapter 2), 
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substrate size had a positive effect on crayfish relative abundance, and included species-specific 
positive effects on O. luteus and O. virilis. Orconectes punctimanus had a negative relationship 
with substrate size and stream size, similar to Flinders and Magoulick (2003), where they found 
that this species preferred gravel substrates and smaller, intermittent streams. Orconectes 
punctimanus had a positive relationship with channel unit, which somewhat disagrees with our 
previous results (Chapter 2) and Flinders and Magoulick (2003), where this species seemed to 
prefer deeper habitats associated with runs and pools. Habitat results generated here can 
benefit future studies with species-specific information for future projects, identifying key 
habitats that may be threatened, or investigate invasive threats the species studied here pose. 
Future studies may also use the methods and modeling techniques described here as well. 
 
In summary, this study provides data that can be used by biologists to determine how many 
sites need to be sampled to assess or monitor crayfish populations at a drainage scale, along 
with site selection criteria. Our methods to determine habitat preferences for the crayfish 
community and for individual species were successful, and can be used when conducting 
studies with species of conservation concern, on species specific projects to identify suitable 
habitats (species presence and detection probability [MacKenzie et al. 2006]), when comparing 
sites or communities, or when analyzing community changes through time. 
 
Management Recommendations 
The recommendations here are meant to compliment the work of Chapter 2 by providing 
methods and set effort amounts that management agencies can use to assess and monitor 
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crayfish populations at a drainage scale. Selection of sampling methods and effort will be 
objective driven, where biologists will select these based on the specific goals or objectives of 
the research. Using results listed in Table 8, we recommend the sampling efforts (RkmPS or 
USPA, depending on location and study objectives) that yield 95% of the species assemblage 
across a drainage. We believe the increase in the RkmPS and USPA that each site represents (1 
site = 23 river km and 8517 ha) is worth the risk of missing species at smaller (less than 100,000 
ha) drainage scales. This considers the maximum stream-dwelling crayfish species richness of 6 
species (Table 7). If biologists using this study desire a more stringent recommendation, we 
recommend the figure generated by the 100% of the species assemblage capture metric (1 site 
= 19 river km or 6281 ha of drainage area) to be applied to other drainages for crayfish 
population assessment. 
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Figures and Tables 
 
 
 
 
Fig. 5. Seven drainages sampled throughout Missouri, summers 2012 and 2013 to determine number of sampling 
sites required to assess species richness estimation in each. Black dots indicate specific sampling sites within 
drainages. Drainages are color coded as follows: blue = Ozark Highlands, red = Plains, violet = Mississippi 
Embayment Lowland (Sowa et al. 2007). 
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Table 7. Drainages sampled in respective faunal regions, including drainage area (ha), sum of stream segments in 
each drainage (km; 2
nd
-4
th
 order only), number of sites sampled, and species used in analyses to test species 
accumulation. 
 
Faunal 
Region: 
Ozark Highlands Prairie Mississippi 
Embayment Lowland 
Drainage Big River Big Creek Little North 
Fork White 
River 
Middle 
Fabius River 
North River Spring 
Creek 
Little Black River 
Drainage 
Area (ha) 
220,150 50,250 76,650 109,300 98,700 18,950 84,700 
Stream 
segment 
sum (km) 
575.5 152.5 228.8 384.2 258.1 78.8 301.9 
Sites 
Completed 
20 12 9 16 15 5 13 
Species Orconectes 
luteus 
O. luteus O. virilis O. luteus O. luteus O. virilis O. luteus 
O. hylas O. hylas O. neglectus O. virilis O. virilis O. immunis O. virilis 
O. punctimanus O. punctimanus O. ozarkae O. immunis O. immunis P. gracilis O. ozarkae 
O. harrisoni O. peruncus O. longidigitus Procambarus 
acutus 
P. acutus C. diogenes P. acutus 
O. medius C. hubbsi C. hubbsi P. gracilis P. gracilis  P. clarkii 
Cambarus 
maculatus 
C. diogenes  C. diogenes C. diogenes  C. diogenes 
C. diogenes       
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Table 8. Number of sample sites required to collect varying percentages of crayfish species known from each drainage, with a representative unit of drainage 
area (USPA) represented by one sampling site (total drainage area divided by the number of required sampling sites), and a representative unit of river 
kilometers (RkmPS) represented by one sampling site (sum of river kilometers, 2
nd
-4
th
 order streams found in each respective drainage, divided by the number 
of required sampling sites). 
 
 100% Species Richness Captured 95% Species Richness Captured 90% Species Richness Captured 
Drainage Sites 
required 
USPA RkmPS Sites 
required 
USPA RkmPS Sites 
required 
USPA RkmPS 
Big Creek 8 6281 19 5 10,050 30 4 12,563 38 
Spring Creek 2 9475 39 2 9475 39 2 9475 39 
North River 14 7050 18 11 8973 23 10 9870 25 
Middle Fabius 
River 
14 7807 27 12 9108 32 10 10,930 38 
Little North Fork 
White River 
9 8517 25 9 8517 25 8 9581 28 
Little Black River 10 8470 30 7 12,100 43 6 14,117 50 
Big River 9 24,461 63 6 36,692 95 5 44,030 115 
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Table 9. Burrowing crayfish sampling results, noting number of sites each species was captured at, and total 
number of burrows each species was found in. 
 
Species Sites where species collected in burrows Total 
occupied 
burrows 
Cambarus 
diogenes 
37 56 
Procambarus 
gracilis 
3 6 
P. acutus 2 3 
C. ludovicianus 1 2 
P. clarkii 1 1 
Total  68 
 
Table 10. Habitat effects on species-specific relative abundances. Positive or negative relationship of habitat 
variable to crayfish relative abundance is described by t-value. Significant values (α = 0.05) are in bold. 
 
 Orconectes luteus 
df = 68 
O. punctimanus 
df = 27 
O. ozarkae 
df = 17 
O. virilis 
df = 50 
O. immunis 
df = 30 
Procambarus 
acutus 
df = 38 
Habitat 
type 
t-value P value t-value P value t-value P value t-value P value t-value P value t-value P value 
Substrate 
size 
17.55 < 0.001 14.63 < 0.001 0.79 0.438 17.03 < 0.001 -6.00 < 0.001 -5.15 < 0.001 
Channel 
unit 
-15.35 < 0.001 9.20 < 0.001 11.46 < 0.001 5.2 < 0.001 1.15 0.261 -3.85 < 0.001 
Stream size 2.94 0.004 -13.57 < 0.001 -16.79 < 0.001 -12.61 < 0.001 -12.42 < 0.001 -3.77 < 0.001 
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CHAPTER 4: BURROW-DWELLING CRAYFISH SAMPLING 
 
Abstract 
We formed a pilot study to investigate methods to assess burrow-dwelling crayfishes. In this 
study, we compared two different crayfish burrow occupancy sampling methods (hook-and-line 
capture technique versus burrow excavation) to each other, and compared the ability to detect 
crayfish species in burrow occupancy surveys versus a lentic timed search method. Hook-and-
line capture success was substantially less than reported in another study (0.7% versus 80%), 
while burrow excavation was higher than reported in a different study (64% versus 40.7%). 
Burrow excavation successfully captured six crayfish species in burrows, while lentic timed 
search captured nine species in nearby standing waters. To assess burrowing crayfish 
distributions, we introduced a broadened spatial component by sampling four randomly 
selected sites per county in six Missouri counties to assess capture methods, which 
documented all known species in the region. Burrowing crayfish were caught at 13 of 24 
randomly selected sites; crayfish were also collected at seven additional non-random sites, 
added to boost datasets to test the effect of soil temperature and Julian day on crayfish capture 
and to compare our selected gear types. Results indicated surveys should spend additional time 
in lentic timed search over additional time searching for burrows (a supplemental 15-minute 
timed search sample captured additional species at nine sites [of 31] in lentic timed search 
versus three sites in timed burrow search). We also found a seasonal influence on burrow 
occupancy surveys, as Julian day was positively correlated to finding active crayfish burrows. 
Crayfish capture in standing water was positively affected by soil temperature, and negatively 
correlated to Julian day.  
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Introduction 
Burrow-dwelling crayfish play a vital role in aquatic ecosystems, yet little is known about them 
due to their secretive nature. Burrow-dwelling crayfish spend portions of their lifecycle both in 
the aqueous environment and underground, often seasonally (Pflieger 1996, Taylor and 
Schuster 2004). They create habitat for other aquatic and terrestrial organisms, as amphibians, 
reptiles, and other invertebrates benefit from the structures this guild of crayfish creates 
(Pintor and Soluk 2006, Thoma and Armitage 2008, Loughman 2010). From a conservation 
perspective, 363 crayfish species exist in North America, of which 15% are classified as primary 
burrow-dwelling (Taylor et al. 2007), with 30% of these listed as species of conservation 
concern (Welch and Eversole 2006a). Despite burrow-dwelling crayfishes having large 
ecological impacts, and needing conservation recognition, standardized sampling methods for 
assessing these unique organisms are deficient. 
 
Sampling methods for burrowing crayfish are typically highly specialized, especially for those 
living in underground burrows (Duffy and Thiel 2007, Ridge et al. 2008). Methods have focused 
on comparing capture success, and include excavation (Ridge et al. 2008), the Norrocky 
burrowing crayfish trap (Norrocky 1984, Welch and Eversole 2006b, Ridge et al. 2008), the 
burrowing crayfish net (Welch and Eversole 2006b, Ridge et al. 2008), reverse pitfall traps 
(Hopper and Huryn 2012), and night search with hook-and-line capture (Loughman et al. in 
press). Capture success rates were highly variable in the above studies, depending on capture 
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method (excavation [40.7%], Norrocky burrowing crayfish trap [4-13%], burrowing crayfish net 
[4.5-20%], reverse pitfall traps [17%], and hook-and-line capture [80%]).  
 
The lentic water environment serves an important role in burrowing crayfish ecology (Pflieger 
1996, Taylor and Schuster 2004), harboring crayfish species during dispersal, feeding, or 
juvenile crayfish release events. As such, sampling methods for assessing burrowing crayfishes 
should have a component dedicated to sampling this environment. Thoma and Armitage (2008) 
dedicated a sampling effort to this environment using backpack electrofishing, kick seining, 
hand collection, and dip netting, depending on suitability of gear type to the habitat. They 
standardized their effort based on area sampled rather than a timed effort. In our study, we 
desired to simplify lentic water sampling efforts. 
 
Standardized sampling should focus on capturing all species present at a site, and attempt to 
incorporate a spatial distribution assessment component, which few studies have done. Thoma 
and Armitage (2008) address the issue of spatial distribution for sites to sample burrowing 
crayfishes with a random selection protocol to sample three sites per county. However, we did 
not find the random site selection process described in Thoma and Armitage (2008) practical 
for identifying sites because of land use differences between our study area and theirs 
(Missouri versus Indiana), and they did not take landownership into account, with public lands 
being more practical for access issues for our study. 
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This study attempts to address issues in burrowing crayfish sampling methodology, using the 
Mississippi Embayment Lowland faunal region (Sowa et al. 2007) of Missouri as a model 
environment (Ripley, Butler, Stoddard, Scott, Mississippi, New Madrid counties, Missouri; Fig. 
6). This lowland region has a diverse primary burrowing crayfish assemblage including 
Cambarus diogenes, Fallicambarus fodiens, and Procambarus viaeveridus (Pflieger 1996). 
Crayfish associated with ephemeral wetlands that may also burrow are found in the area, 
including Cambarellus shufeldtii, C. puer, Faxonella clypeata, P. acutus, P. clarkii, and 
Orconectes virilis (Pflieger 1996).  
 
There are several objectives for this pilot study. Our first objective was to compare two 
successful burrow occupancy methods (burrow excavation and hook-and-line capture 
techniques) in order to have a method suitable for our crayfish population. Our second 
objective was to compare species lists from burrow occupancy surveys to those captured using 
a lentic timed search method, and note if one method had additional species detectability 
across any of our sampling sites, while comparing additional species detectability when a 
supplemental timed search sample was added to searching for more burrows or additional 
lentic timed search. Our third objective was to create a random site selection process (4 sites 
per county) that would capture all known burrow-dwelling crayfish species in our study area 
(Pflieger 1996). Our fourth objective was to document environmental factors that affect the 
ability to find active burrows, capture burrow occupants, or capture crayfish in standing waters.  
 
Methods 
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Study sites were randomly selected by identifying potential sites in ArcGIS, and subjecting 
potential sites to a series of criteria. We used Township-Range-Section (TRS) shapefiles to pick 
sections in each Missouri county through creating a database in a spreadsheet, and using a 
random number generator to pick random record numbers. Another shapefile was used to 
identify public lands (owned by Missouri Department of Conservation, US Forest Service, and 
US Army Corps of Engineers) in ArcGIS. If the selected section had public land, these were 
identified in a Delorme atlas. Within the public land in the selected section, permanent or 
ephemeral aquatic habitat and road access had to be within 200 m of water (swamp, pond, 
lake, or stream). Sites were then visited to confirm presence of public land and standing water 
or crayfish burrows. Sites making it through these criteria were deemed valid; four sites were 
selected per county, and no site could be within two linear miles of another selected site in 
order to address site independence issues. Random site selection was often not successful in 
identifying enough suitable habitats in each county, so additional sites were non-randomly 
selected on the basis of acceptable habitat presence. Non-random sites were used for the 
purposes of boosting sample sizes to be able to compare sampling gears, and to relate 
environmental variables to our crayfish capture data. A total of 24 random and seven non-
random sites (31 total) (Fig. 6) were sampled during 11 March to 7 June, 2013. 
 
Crayfish burrows were discovered by timed search sampling during daylight hours. Beginning at 
an edge of the wetland habitat mapped in the DeLorme atlas (DeLorme 2010), one person 
searched for two separate 15-minute timed intervals in a random fashion, but not leaving the 
wetland habitat (other than crossing small barriers). The searches never went further than 200 
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m from the start point of the search, but moved around the wetland habitat in a circular, zig-
zag, or linear motion, depending on the shape and area of the wetland. Movement was 
conducted in a way so that areas would not be covered multiple times, but freely allowed the 
person to move toward favorable habitats (soil type or wetness) (Thoma and Armitage 2008), if 
observed. Burrows were deemed active following the criteria of Simon (2004), and flagged. 
Flagged burrows were uniquely identified and recorded individually in each interval (timed 
search sample 1 or 2) to assess status of burrow occupancy, and potential occupant species.  
 
We used two separate methods for determining burrow occupancy, including a hook-and-line 
baiting technique (Loughman et al. in press), and burrow excavation (Ridge et al. 2008). The 
hook-and-line baiting technique takes advantage of the behavior of burrow-dwelling crayfish in 
that they move to the entrance of their burrows after dusk. To complete this technique, we 
returned at least one hour after dusk, and sequentially checked each burrow using a dim red 
light (Loughman et al. [in press] documented that crayfish tended to retreat less often using a 
red light). All marked burrows were checked three times, each time spaced 30-minutes apart. If 
a crayfish was observed at the entrance, it was noted. We attempted capture of observed 
crayfish by touching a live earthworm to the crayfish’s antennae, but not allowing it to grasp 
the worm with its claws (Loughman et al. in press). The crayfish could then be lured out of the 
burrow and captured by hand (Loughman et al. in press). After the hook-and-line sampling 
method was completed at a site, we excavated up to seven burrows (if seven burrows were 
present) at the site. The effectiveness of each method was defined as the number of burrows 
sampled (sum of all sites), divided by the number of successful burrow occupant captures 
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(yields a percent success rate for each method). Percent success rates were compared to each 
other and literature (Ridge et al. 2008, Loughman et al. in press.). Burrow excavation was solely 
used at the last five (of 31) sampling sites completed in the study because of time expense (> 5 
hrs per site, including travel time) and limited success associated with the hook-and-line 
sampling. 
 
Two 15-minute timed search samples in lentic environments (Chapter 2; Chapter 3) were 
incorporated into the sampling scheme, when sufficient water was present at a site. Two 
individuals used a 3 m long X 1.5 m high seine, and completed seine drags and kick seining for 
crayfish capture. Crayfish species and relative abundances captured during this sampling were 
recorded. Species lists between the timed search samples were compared to observe if the 
second sample captured species additional to the first sample. The species lists of the burrow 
occupancy sampling and the lentic timed searches were compared to see if either sampling 
technique captured species not recorded by the other respective method. 
 
We investigated environmental variables (temperature and Julian day) for correlations on the 
presence of crayfish burrows, success of burrow excavation, and lentic timed search crayfish 
capture using a generalized linear mixed model (PROC GLIMMIX; SAS 9.3, SAS Institute, Cary, 
North Carolina), with a Poisson distribution (crayfish count data), and a log link (nonnormal 
environmental data transformation). Soil temperature values were obtained from the Missouri 
University Commercial Agriculture Automated Weather Station Network, Glennonville weather 
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station (http://agebb.missouri.edu/weather/stations/dunklin/index.htm), since it is centrally 
located in our study area.  
 
Voucher specimens of all species were preserved in 70% ethyl alcohol, and were deposited in 
the Illinois Natural History Survey Crustacean Collection. 
 
Results 
Hook-and-line and burrow excavation techniques are compared in Table 11. Utilizing the hook-
and-line method (Loughman et al. in press), we visually assessed 275 marked burrows, 
observing crayfish at 22 of them and capturing two crayfish (0.7% capture rate). We excavated 
65 burrows of the 275 used by the hook-and-line capture method, capturing 39 individuals 
(60% capture rate). At the five sites where we only conducted burrow excavations, 35 
additional burrows were excavated, yielding 100 total burrows for the method with 64 total 
captures (64% capture rate). 
 
Species list comparisons for burrow excavation versus lentic timed search had mixed results, 
depending on species (Table 12). Species were often captured with both gears, but F. fodiens, C. 
diogenes, C. ludovicianus, and C. polychromatus were captured at all sites where they were 
known by burrow excavation, while P. viaeveridus, F. clypeata, P. acutus, P. clarkii, C. shufeldtii, 
and C. puer were captured at all sites where they were known by lentic timed search (Table 12). 
Cambarus diogenes and F. fodiens accounted for 90.1% of burrow occupancies. Number of sites 
where each species were captured by burrow excavation and by lentic timed search are 
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presented in Table 12. Overall, six species were captured by burrow excavation, while nine 
species were captured by lentic timed search (Table 12). 
 
Our randomly selected site distribution was successful in detecting all known species of the 
area. In addition to known species detected, C. ludovicianus was unknown from this area 
(Pflieger 1996), and C. polychromatus has not been recorded as being in the state of Missouri 
(Taylor et al. 2007).  
 
A supplemental 15-minute timed search for burrows yielded three sites (of 31) where 
additional species were captured. A supplemental 15-minute lentic timed search sample 
yielded nine sites (of 31) where additional species were captured.  
 
Soil temperatures ranged from 4.7 – 27.6 °C, generally increasing with Julian day (63 to 157). 
These variables were correlated (r = 0.852; P < 0.001). No crayfish were captured at the first 
seven sampling sites; the first crayfish captured during this study was on April 4 (Julian day 94). 
 
Results of our environmental variable models are presented in Table 13. Correlation analysis 
showed that the number of active burrows found per site and primary burrowing crayfish 
captured in lentic timed search were significantly correlated (r = 0.728; P < 0.001). Because of 
the high correlation between number of active burrows found and primary burrowing crayfish 
captured in lentic timed search, we used active burrows found as the representative of 
burrowing crayfish response to environmental effects. Julian day had a positive correlation on 
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finding active burrows. We found a negative correlation of crayfish captured in lentic timed 
search with Julian day, but found a positive correlation with soil temperature.  No variables had 
an effect on excavation success rate (Table 13).  
 
Discussion 
Burrow-dwelling crayfish studies have typically focused on gear comparisons and individual 
species ecology (Welch and Eversole 2006a, Ridge et al. 2008, Hopper and Huryn 2012). This 
work expands on other studies, where we compared established gears in a region with a 
diverse burrowing species assemblage (Pflieger 1996). Our study is similar to Thoma and 
Armitage (2008) in some aspects, particularly that we employed a lentic portion to our crayfish 
sampling, as well as employing a random site selection process. However, they did not study 
multiple gears to determine burrow occupancy, compare the species captured by burrow 
excavation versus their lentic sampling, nor evaluate the amount of time spent actively looking 
for burrows or amount of time spent in lentic sampling. 
 
Our results provide new information on relative capture rates of two different gears (hook-and-
line capture technique and burrow excavation); excavation vastly outperformed the hook-and-
line capture technique, despite previous success with the hook-and-line capture method 
(Loughman et al. in press). Burrow excavation success exceeded rates recorded in Ridge et al. 
(2008), and Chapters 2 and 3 (Table 11). Despite the amount of time required to excavate 
burrows (Hopper and Huryn 2012), this method has the benefit of determining burrow 
occupancy without needing additional time required for return visits.  
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The methods for marking burrows, and observing crayfish in the burrows worked relatively 
well. Pink flags made for unique, easy, and quick identification. The red headlamps had minimal 
impact on crayfish movement with very few retreating into burrow openings. However, most 
crayfish observed (n = 22) eventually retreated when the hook with worm was dropped near 
them. Most did not seem interested in attacking it, as was observed in Loughman et al. (in 
press). The method was successful one night when two crayfish were captured while it was 
actively raining during our searches and capture attempts.  
 
Our study area and crayfish species community is different than that of Loughman et al. (in 
press). It is possible that these differences affected our results relative to theirs. Crayfish 
observation and hook-and-line capture relies on crayfish behavior (to be consistently at the 
burrow entrance), and our data suggest this method is not suitable for use in assessing all 
burrow-dwelling crayfish species populations. Researchers will benefit from this study as it 
documents that the hook-and-line method may not work in all situations, while providing 
evidence that excavating seven burrows per site is enough to document burrowing crayfish at a 
site.  
 
Our results also show that time is better spent completing lentic timed search over timed 
search for finding active burrows. Lentic timed search was successful in capturing more species 
than burrow excavation (9 species versus 6); however excavation was more successful in 
determining if primary burrowing crayfish were at a site (Table 12). These results indicate both 
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sampling methods may be useful for researchers to conduct at burrowing crayfish sites, 
depending on the species that researchers are studying, and the objectives of their research. 
Thoma and Armitage (2008) found sampling both environments to be useful in assessing the 
burrowing crayfish communities they studied. 
 
We successfully employed a random site selection process that was able to capture all known 
burrow-dwelling species in the area.  Our random site selection process was successful at 
capturing the diversity of crayfishes we expected. It may be useful in future studies to further 
refine the site selection process listed here, in order to better filter sites before field truthing. 
For example, we field investigated approximately 60 sites, and only successfully identified 24 
valid ones using our criteria. Further work to better define sites in our sampling area is 
necessary to eliminate time spent field truthing. The random site selection process defined by 
Thoma and Armitage (2008) may fit other study areas better than ours, depending on the 
abundance and availability of water, road access, and landowner access.  
 
We tested the effect of soil temperature and Julian day because we thought that there may be 
a seasonality effect where burrowing crayfish would become more active. In the future, we 
recommend seasonality be taken into account for burrowing crayfish studies. We did not 
successfully document active burrows until April 4. Most days before this were typically cold 
(nighttime lows below freezing), and no active burrows were observed. Unsurprisingly, Julian 
day had a significantly positive effect (Table 13), which comes with more suitable conditions 
(temperature, standing water, soil wetness, or mating season) where burrowing crayfish 
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become active (Hobbs and Whiteman 1991, Johnston and Figiel 1997, Helms et al. 2013). As 
Julian day increased, we saw a negative trend among non-burrowing crayfish capture. It is 
possible this is related to an increase in rainfall values (personal observation), which may cause 
dispersion (Armitage 2000) to newly immersed wetlands or washed them out of the area 
(Gamradt and Kats 1996, Gamradt et al. 1997, Kats et al. 2013). Additionally, as Julian day 
increased, it is possible that seasonality behavior forces those of this niche to seek more 
permanent sources of water, which we infrequently sampled during this study. 
 
The modeling we completed on environmental variables will be useful for future burrowing 
crayfish research. We were able to document significant correlations between burrowing 
crayfish capture to Julian day and temperature, suggesting future studies need to be aware of 
timing of projects when they conduct studies with this guild of crayfish, similar to Johnston and 
Figiel (1997) and Helms et al. (2013).  
 
In summary, this pilot study can be used for further testing to create more effective sampling 
methods for burrowing crayfish studies. Our random site selection methods were successful in 
documenting all known burrow-dwelling species of the area, thus providing data to assist future 
researchers in determining site selection protocols. Both burrow excavation and lentic timed 
search in standing waters yielded species capture data in this study. It is important to note that 
Julian calendar day and soil temperature had correlations to crayfish, both in burrows and in 
standing waters. These attributes should be considered for greater accuracy in future studies 
dealing with burrowing crayfish species. 
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Management recommendations  
DiStefano (2005a) highlighted the need for designing a comprehensive crayfish sampling 
protocol with which to assess all Missouri fauna. This study addresses burrowing crayfishes, and 
crayfishes associated with ephemeral standing waters. This group needs special attention as 
they are not commonly found in wadeable streams (Taylor and Schuster 2004), and are 
represented by seven species of conservation concern (Missouri Natural Heritage Program 
2014). 
 
Based on our results, we recommend using burrow excavation as a suitable assessment 
technique. We recommend a 15-minute timed search for active burrows, as the risk of missing 
additional burrowing species is minimal. While three sites (of 31) successfully picked up 
additional species with additional time searches, this time may be better used to excavate 
burrows or sampling standing water. We recommend 30-minutes of timed search in standing 
waters, as often, this habitat harbors higher crayfish diversity, including primary burrowing 
crayfish during wet seasons.   
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Figures and Tables 
 
 
 
 
Fig. 6. Map of 31 (24 random; 7 non-random) burrowing crayfish sampling sites in Southeast Missouri counties 
conducted during Spring of 2013. 
 
 
 
 
Table 11. Comparison of crayfish species captured by burrow excavation and hook-and-line capture techniques 
across all 31 Southeast Missouri sampling sites, captured 11 March – 7 June 2013. 
 
Species Fallicambarus 
fodiens 
Cambarus 
diogenes 
Procambarus 
viaeveridus 
C. ludovicianus C. polychromatus Faxonella 
clypeata 
Burrow 
excavation 
46 16 3 2 1 1 
Hook-and-
line 
2 0 0 0 0 0 
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Table 12. Number of sampling sites (out of 31) in Southeast Missouri where each crayfish species was captured by burrow excavation and lentic timed search 
sampling methods, 11 March – 7 June 2013. 
 
 
 Fallicambarus 
fodiens 
Cambarus 
diogenes 
Procambarus 
viaeveridus 
C. 
ludovicianus 
C. 
polychromatus 
Faxonella 
clypeata 
P. 
acutus 
P. 
clarkii 
Cambarellus 
shufeldtii 
C. 
puer 
Total sites 
captured 
11 7 4 1 1 5 10 5 1 1 
Sites capture 
in burrows  
11 7 2 1 1 1 0 0 0 0 
Sites captured 
in lentic timed 
search  
8 3 4 1 0 5 10 5 1 1 
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Table 13. Effects of Julian day and soil temperature on the ability to find active burrows, excavation success, and 
ability to capture crayfish in standing waters across 31 sampling sites in Southeast Missouri, Spring 2013. Positive 
or negative relationship of habitat variable to crayfish density is described by t-value. Significant values (α = 0.05) 
are in bold. 
 
 
 Active burrows found Excavation success rate Lentic timed search success 
Environmental 
Variable 
t-value P value t-value P value t-value P value 
Soil 
temperature 
-1.63 0.115 0.45 0.657 5.98 < 0.001 
Julian day 10.17 < 0.001 0.77 0.450 -3.06 0.005 
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Appendix A 
 
Locality information for sample sites in Southeast Missouri used in the stream crayfish sampling methods 
development in Chapter 2, May-July 2012. 
 
Stream Road Crossing Latitude Longitude 
Big River St Hwy 21 37.81135 -90.77398 
Big River Council Bluffs Rd/Co Rd 634 37.73454 -90.90317 
Cedar Creek Cedar Creek Rd 37.79294 -90.73375 
Clear Creek King Rd 37.80897 -90.82225 
Coonville Creek Park Access Rd 37.96944 -90.53315 
Dry Creek Co Hwy Y 38.20252 -90.66089 
Fourche Renault Farm Access 37.9961 -90.89572 
Furnace Creek Gildea Rd 37.81683 -90.77669 
Mill Creek Tiff Rd 37.99399 -90.66116 
Old Mines Creek St Hwy 47 38.07562 -90.7396 
Terre Bleu Creek Co Hwy K 37.92682 -90.48857 
Townsen Creek Co Rd 53 37.68717 -90.73329 
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Appendix B 
 
Number of timed search samples required to fit statistical parameters of confidence level and 
percentage of species captured across our twelve sites. Heading row refers to compromising 
percentage of species assemblage captured at those sites. Individual tables are listed for 
varying confidence levels. Results refer to number timed search units required for assessment 
at that level at that particular site. 
 
97.5% Confidence 
site/% sp 100 97.5 95 90 85 80 75 
1 13 10 9 8 6 6 5 
2 6 6 4 4 3 3 2 
3 10 9 8 6 5 4 4 
4 6 6 4 3 3 2 2 
5 8 7 7 6 5 5 4 
6 1 1 1 1 1 1 1 
7 5 4 3 3 2 2 2 
8 11 11 11 11 11 11 9 
9 5 4 3 3 2 2 2 
10 13 13 12 11 9 8 7 
11 13 11 10 8 7 6 5 
12 4 3 3 2 2 2 2 
 
 
95% Confidence 
site/% sp 100 97.5 95 90 85 80 75 
1 13 10 9 7 6 5 5 
2 6 5 4 3 3 3 2 
3 10 8 7 6 5 4 3 
4 6 4 4 3 3 2 2 
5 8 7 7 6 5 5 4 
6 1 1 1 1 1 1 1 
7 5 4 3 2 2 2 2 
8 11 11 11 11 11 9 8 
9 5 4 3 3 2 2 2 
10 13 13 12 10 9 8 6 
11 13 11 10 8 7 6 5 
12 4 3 3 2 2 2 1 
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90% Confidence 
site/% sp 100 97.5 95 90 85 80 75 
1 13 10 9 7 6 5 4 
2 6 4 4 3 3 2 2 
3 10 8 7 5 4 4 3 
4 6 4 4 3 2 2 2 
5 8 7 7 6 5 5 4 
6 1 1 1 1 1 1 1 
7 5 3 3 2 2 2 2 
8 11 11 11 11 11 9 7 
9 5 4 3 2 2 2 2 
10 13 13 12 10 8 7 6 
11 13 11 9 8 6 5 5 
12 4 3 2 2 2 2 1 
 
85% Confidence 
site/% sp 100 97.5 95 90 85 80 75 
1 13 10 8 7 6 5 4 
2 6 4 4 3 3 2 2 
3 10 8 7 5 4 3 3 
4 6 4 4 3 2 2 2 
5 8 7 7 6 5 4 4 
6 1 1 1 1 1 1 1 
7 5 3 3 2 2 2 1 
8 11 11 11 11 9 7 6 
9 5 4 3 2 2 2 1 
10 13 12 11 10 8 6 5 
11 13 11 9 7 6 5 4 
12 4 3 2 2 2 1 1 
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80% Confidence 
site/% sp 100 97.5 95 90 85 80 75 
1 13 9 8 6 5 4 4 
2 6 4 4 3 3 2 2 
3 10 8 7 5 4 3 2 
4 6 4 4 3 2 2 2 
5 8 7 7 6 5 4 4 
6 1 1 1 1 1 1 1 
7 5 3 3 2 2 2 1 
8 11 11 11 11 8 7 5 
9 5 4 3 2 2 2 1 
10 13 12 11 9 7 6 5 
11 13 10 9 7 6 5 4 
12 4 3 2 2 2 1 1 
 
 
75% Confidence 
site/% sp 100 97.5 95 90 85 80 75 
1 13 9 8 6 5 4 4 
2 6 4 4 3 2 2 2 
3 10 8 6 5 4 3 2 
4 6 4 3 3 2 2 1 
5 8 7 6 5 5 4 4 
6 1 1 1 1 1 1 1 
7 5 3 3 2 2 2 1 
8 11 11 11 10 8 6 5 
9 5 4 3 2 2 1 1 
10 13 12 11 9 7 5 4 
11 13 10 9 7 6 5 4 
12 4 3 2 2 2 1 1 
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Appendix C  
 
 
Summary of modeling effects of habitat variables on total and individual crayfish species densities used in Chapter 
2. 
 
 
O. hylas 
Effect Estimate Standard Error DF t Value Pr > |t| 
Intercept 0.8212 0.5194 5 1.58 0.1747 
current 
velocity 
0.7392 0.4120 141 1.79 0.0749 
water 
depth 
-0.00147 0.01255 141 -0.12 0.9072 
substrate 
size 
0.02972 0.08572 141 0.35 0.7293 
  
All Species 
Effect Estimate Standard Error DF t Value Pr > |t| 
Intercept 1.8512 0.1919 11 9.65 <.0001 
current 
velocity 
-0.03498 0.1454 270 -0.24 0.8100 
water 
depth 
0.000900 0.004429 270 0.20 0.8390 
substrate 
size  
0.06768 0.03248 270 2.08 0.0381 
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O. luteus 
Effect Estimate Standard Error DF t Value Pr > |t| 
Intercept -0.4118 0.3512 9 -1.17 0.2711 
current 
velocity 
0.6134 0.2509 227 2.44 0.0153 
water 
depth 
0.006611 0.007954 227 0.83 0.4068 
substrate 
size 
0.2586 0.06641 227 3.89 0.0001 
O. medius 
Effect Estimate Standard Error DF t Value Pr > |t| 
Intercept 2.1577 1.0398 3 2.08 0.1296 
current 
velocity 
0.4356 0.3073 68 1.42 0.1608 
water 
depth 
-0.01493 0.008887 68 -1.68 0.0976 
substrate 
size 
-0.2674 0.07833 68 -3.41 0.0011 
O. punctimanus 
Effect Estimate Standard Error DF t Value Pr > |t| 
Intercept -2.3147 0.6246 9 -3.71 0.0049 
current 
velocity 
-1.0954 0.4809 227 -2.28 0.0237 
water 
depth 
0.05357 0.01550 227 3.46 0.0007 
substrate 
size 
0.2838 0.07404 227 3.83 0.0002 
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C. maculatus 
Effect Estimate Standard Error DF t Value Pr > |t| 
Intercept -6.6254 2.3508 3 -2.82 0.0668 
current 
velocity 
-3.6335 2.9759 83 -1.22 0.2256 
water 
depth 
0.03745 0.05330 83 0.70 0.4843 
Substrate 
size 
1.2924 0.4588 83 2.82 0.0061 
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Appendix D 
 
Individual site values for crayfish catch-per-unit-effort (CPUE) and crayfish mean density, averaged habitat 
variables, and stream order for all sites used in Chapter 2. 
 
Site Crayfish 
CPUE 
Crayfish 
Density 
(per m2) 
Substrate
size 
Strahler 
order 
Water 
Depth 
(cm) 
Current 
velocity 
(mps) 
Width Vegetation Shading 
(%) 
Channel 
unit 
1 26.438 8.07 2.536 4 46.568 0.088 13.595 1 60.3 172.727 
2 38.400 8.27 2.986 2 7.376 0.008 4.051 0 89.9 190.909 
3 13.857 5.70 1.934 4 28.477 0.060 8.882 1 70.9 181.818 
4 62.100 10.43 2.466 3 17.773 0.141 7.600 1 74.8 236.364 
5 86.778 13.60 2.232 3 12.250 0.043 7.700 0 73.2 218.182 
6 39.538 11.43 2.068 2 18.750 0.080 10.700 1 50.2 209.091 
7 65.818 9.43 2.402 2 18.636 0.141 5.555 1 82.1 227.273 
8 59.222 16.10 3.048 3 7.705 0.047 5.091 0 96.7 227.273 
9 25.778 6.37 3.050 3 14.955 0.044 6.109 1 60.9 218.182 
10 15.778 3.13 2.743 3 13.409 0.066 9.309 1 80.7 209.091 
11 21.727 4.10 2.527 4 28.068 0.039 10.764 1 58.6 154.545 
12 39.667 4.10 2.723 4 32.841 0.090 13.973 1 81.4 190.909 
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Appendix E 
 
Summary of modeling effects of habitat variables on crayfish abundance described in Chapter 2. 
 
Effect Estimate 
Standard 
Error DF t Value Pr > |t| 
Intercept 4.3824 0.9290 0 4.72 . 
substrate size 0.1397 0.2105 5 0.66 0.5364 
current velocity 14.3698 2.9741 5 4.83 0.0047 
vegetation -1.5983 0.2467 5 -6.48 0.0013 
shade -0.01739 0.006836 5 -2.54 0.0517 
channel unit 0.001527 0.004334 5 0.35 0.7389 
stream size -0.02463 0.08553 5 -0.29 0.7849 
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Appendix F 
 
Location information for sites throughout Missouri sampled in Chapter 3, summers 2012 and 2013. 
 
Drainage Site ID Latitude Longitude 
North River 1 39.76287 -91.6692 
North River 2 39.707 -91.8601 
North River 3 39.92219 -92.0731 
North River 4 39.74795 -91.7396 
North River 5 39.84541 -91.5172 
North River 6 39.85243 -91.9935 
North River 7 39.99071 -92.1568 
North River 8 39.80489 -91.6763 
North River 9 39.82135 -91.8121 
North River 10 39.92128 -91.973 
North River 11 39.68599 -91.6563 
North River 12 39.9644 -92.096 
North River 13 39.88732 -91.9073 
North River 14 39.70896 -91.7915 
North River 15 39.75629 -91.6159 
Spring Creek 16 40.32067 -92.8624 
Spring Creek 17 40.28387 -92.792 
Spring Creek 18 40.28315 -92.8269 
Spring Creek 19 40.22782 -92.7156 
Spring Creek 20 40.32122 -92.8899 
Middle Fabius River 21 40.26193 -92.1784 
Middle Fabius River 22 40.19854 -92.0053 
Middle Fabius River 23 40.40075 -92.3196 
Middle Fabius River 24 40.34179 -92.2404 
Middle Fabius River 25 40.30363 -92.1319 
Middle Fabius River 26 40.45815 -92.5366 
Middle Fabius River 27 40.37183 -92.3596 
Middle Fabius River 28 40.32669 -92.2407 
Middle Fabius River 29 40.34916 -92.3239 
Middle Fabius River 30 40.51236 -92.5139 
Middle Fabius River 31 40.51564 -92.4591 
Middle Fabius River 32 40.17921 -92.0067 
Middle Fabius River 33 40.24554 -92.1293 
Middle Fabius River 34 40.12673 -91.8244 
Middle Fabius River 35 40.02872 -91.7061 
Middle Fabius River 36 40.12786 -91.8913 
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Little North Fork White River 37 36.71292 -92.5009 
Little North Fork White River 38 36.775 -92.6236 
Little North Fork White River 39 36.67601 -92.6457 
Little North Fork White River 40 36.73568 -92.6033 
Little North Fork White River 41 36.63472 -92.6021 
Little North Fork White River 42 36.69349 -92.7282 
Little North Fork White River 43 36.66921 -92.6328 
Little North Fork White River 44 36.61856 -92.6233 
Little North Fork White River 45 36.63155 -92.6192 
Little Black 46 36.59524 -90.7264 
Little Black 47 36.50816 -90.7052 
Little Black 48 36.54017 -90.672 
Little Black 49 36.54523 -90.7283 
Little Black 50 36.74653 -90.7359 
Little Black 51 36.62374 -90.7102 
Little Black 52 36.66101 -90.5742 
Little Black 53 36.81346 -90.7188 
Little Black 54 36.7671 -90.6535 
Little Black 55 36.74589 -90.8095 
Little Black 56 36.84121 -90.8103 
Little Black 57 36.66598 -90.686 
Little Black 58 36.56341 -90.6881 
Big River 59 37.73454 -90.9032 
Big River 60 37.83048 -90.6776 
Big River 61 37.85767 -90.7251 
Big River 62 38.01557 -90.6508 
Big River 63 38.21928 -90.7563 
Big River 64 37.94413 -90.7215 
Big River 65 37.97732 -90.5548 
Big River 66 37.96294 -90.627 
Big River 67 37.78359 -90.8424 
Big River 68 37.88322 -90.5033 
Big River 69 37.81662 -90.7771 
Big River 70 38.06793 -90.7471 
Big River 71 37.79294 -90.7338 
Big River 72 38.33215 -90.6659 
Big River 73 38.022 -90.8089 
Big River 74 38.07574 -90.7145 
Big River 75 37.95078 -90.5587 
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Big River 76 37.81418 -90.8347 
Big River 77 37.9285 -90.4928 
Big River 78 37.80961 -90.6058 
Big Creek 79 37.38071 -90.6098 
Big Creek 80 37.3127 -90.543 
Big Creek 81 37.40538 -90.5916 
Big Creek 82 37.40528 -90.6889 
Big Creek 83 37.31753 -90.6618 
Big Creek 84 37.28908 -90.5917 
Big Creek 85 37.36726 -90.6583 
Big Creek 86 37.36252 -90.7043 
Big Creek 87 37.46179 -90.6863 
Big Creek 88 37.26091 -90.5066 
Big Creek 89 37.28846 -90.63 
Big Creek 90 37.33167 -90.5997 
 
